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ABSTRACT 
 
Investigating and understanding the chemistry of the atmosphere has 
historically been an important research topic. This importance has only 
strengthened in the recent decades as technological advancements have 
drastically increased anthropogenic emissions of hydrocarbons and 
nitroaromatic compounds. Indeed, we are in an era of unprecedented change 
of the chemical composition of the troposphere and never before has an in-
depth understanding of atmospheric chemical properties been more sought-
after. This study seeks to fill that need by probing the molecular dynamics of 
atmospherically relevant molecules through the use of velocity map imaging 
(VMI). In particular, we utilize VMI to study the photolysis dynamics of brown 
carbon (BrC) chromophores and nitrosothiol compounds, as well as the 
collisional quenching dynamics of nitric oxide (NO) and molecular oxygen (O2). 
BrCs represent an important category of carbon-based aerosols that have, 
until recently, been considered spectroscopically similar to black carbon 
aerosols. It is now known that, due to nitroaromatic chromophores, BrCs 
absorb increasingly well from the visible region to the ultra-violet (UV) region. 
This study has shown that the probed nitroaromatic chromophores, 
nitrobenzene, ortho-nitrophenol, and nitroresorcinol, all yield nonstatistical 
energy partitioning. This deviation from statistical expectations is largely 
attributed to long-range dipole-dipole forces that inhibit the partitioning of 
energy to internal energy levels. Nitrosothiols are secondary aerosols that play 
a large role in the nucleation of aerosols as well as the formation of acid rain. 
Ion images of NO photofragments from 355 nm photolysis are largely 
anisotropic. The angular dependence of these images can be correlated to the 
dynamical signatures of dissociation process. Not only is NO and O2 collisional 
quenching a common occurrence in the atmosphere, it is also documented to 
take place during laser induced florescence experiments making data 
acquisition from such experiments difficult. Through the use of VMI combined 
with a dual channel pulse valve, the NO (X2Π) nonreactive collision product is 
probed. Analysis of state-resolved ion images indicates O2 (c1Σu-) is the 
preferred coproduct of this nonreactive collision. Additionally, product state 
distributions indicate a Λ-doublet propensity for NO (X2Π) rotational states. 
Physical properties, such as those determined in this study, are imperative for 
the formation of accurate climate models. Therefore, molecular dynamics 
studies are required to actively combat atmospheric hazards like air pollution 
and global climate change.   
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Chapter 1: Introduction  
 Molecular dynamics is the in-depth study of chemical reactions at 
the quantum level and can therefore illuminate many important reaction 
properties. An ideal dynamics experiment will have the potential to 
measure the internal energy of the reaction products, the angular and 
velocity distributions of the reaction, and the bond dissociation energies of 
the reactants.1 Through these measurements, researchers can determine 
why complex reactions happen, how to predict their behavior, and how to 
more effectively influence them. Velocity map imaging (VMI) is an 
experimental technique that has quickly become one of the most prevalent 
molecular dynamics analysis methods. This impressive rise in popularity 
stems from the possibility of measuring internal energy, angular and 
velocity distributions, and bond dissociation energies in a single VMI 
experiment.2  
 VMI is a laser-based technique that relies on low pressure and 
precise laser control to produce an ideal environment to investigate 
photodissociation processes of molecules. The kind of information VMI 
can provide is invaluable in many different chemical fields. One excellent 
example is in atmospheric chemistry where rapid reactions are constantly 
taking place, forming and breaking apart integral molecules. The constant 
molecular flux can make accurate predictive modeling impossible without 
a deep understanding of reaction dynamics. Indeed, VMI is particularly 
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well suited to probe the dynamics of photo-activated atmospheric 
reactions.  
1.1 Atmospheric Aerosols  
 The composition of the atmosphere is a complex mixture of 
molecules that chemically react with one another. Recently, atmospheric 
scientists and climatologists have realized the incredible impact that 
suspended liquids and solids have in the atmosphere. These types of 
particles are commonly referred to as aerosols and can range from 10-9-
10-4 m in diameter.3 Not only do aerosols act as surfaces for complex 
chemical reactions to occur in the atmosphere, but they can also directly 
impact human health. Air pollution that consists primarily of carbonaceous 
aerosols is a common occurrence in areas of high population, and 
research has shown that this type of pollution contributes to about 800,000 
premature deaths annually. Indeed, exposure to these types of aerosols 
has, in multiple cases, lead to negative effects on the cardiovascular, 
respiratory, and cerebrovascular health.4  
 In addition to their public health effects, aerosols also have an 
adverse effect on the atmosphere’s delicate balance of energy. Solar 
radiation provides the primary source for atmospheric energy. The Sun’s 
energy is then either absorbed or reflected by the Earth’s surface and 
clouds in the atmosphere (Figure 1.1).5 Atmospheric aerosols can affect 
this balance in two different ways. Aerosols themselves can absorb solar 
radiation as well as the radiation reflected from the Earth’s surface. 
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Secondly, aerosols can increase the Earth’s albedo (the measurement of 
Earth’s reflectivity). Aerosols achieve this by acting as cloud nuclei 
resulting in the increased formation of clouds, as well as providing 
surfaces for reflective ice crystals to accumulate.6 For these reasons, an 
in-depth understanding of atmospheric aerosols is crucial to human health 
as well as accurate climate modeling. However, there is still a large gap in 
our understanding of aerosol chemistry, composition, and formation. 
Brown carbon (BrC) aerosols have recently been identified as a 
new class of particulate matter that play a major role in atmospheric 
Figure 1.1 A schematic visualizing the partitioning of energy imparted to the Earth 
via solar radiation. Adapted from reference 5. 
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chemistry. Because BrC aerosols have a large population of nitroaromatic 
molecules, they are adept at absorbing solar radiation which leads to an  
overall heating effect of the atmosphere as well as other issues like 
surface dimming and the altering of cloud formation.7 Additionally, the 
same nitroaromatic molecules can exist in the atmosphere in the gas 
phase. Gaseous nitroaromatics retain the same absorption properties as 
those in the particulate phase and therefore also lead to a net warming 
effect in the atmosphere. In addition to altering the atmospheric energy 
balance, it is well documented that nitroaromatics can release reactive 
molecules, such as nitric oxide (NO) radical, which facilitate many radical 
reactions that determine the formation or loss of important atmospheric 
molecules, ozone in particular.8 Additionally, it has been observed that 
when reacting with thiols, NO can form reactive nitrosothiol (RSNO) 
compounds. Upon solar initiated photolysis, RSNO can break apart and 
reform NO radical in addition to forming other radicals including sulfanyl 
(SH) radical. As such, RSNOs are important mediators of aerosol 
nucleation and acid rain formation.8–10  
1.2 Scope of Thesis 
To address this gap in the current scientific understanding of 
aerosols, our research has focused on the investigation of 
atmospherically-relevant molecules present as chromophores in aerosols 
and present in the gas phase. We achieve this goal through the use of 
VMI complemented by high-level computational theory. This thesis 
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provides a detailed description of the methods used in these experiments 
as well as an in-depth analysis of the results acquired. Specifically, the 
nonstatistical dissociation dynamics of prevalent BrC chromophores 
nitrobenzene, ortho-nitrophenol, and nitroresorcinol from 355 nm 
photolysis are compared. Furthermore, the photofragmentation of ortho-
nitrophenol and nitroresorcinol via 226 nm dissociation is also discussed. 
Additionally, the nonadiabatic dynamics of the nitrosothiol derivative 
nitrosothiophenol (PhSNO) is analyzed. Finally, the preliminary results of 
our investigation into the electronic quenching of NO, a problem that has 
hindered laser induced fluorescence (LIF) experiments, is discussed along 
with the instrument modifications needed to conduct the experiments. 
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Chapter 2: Experimental Methods 
 
2.1 Velocity Map Imaging (VMI) Chamber and Methods Description 
 Since VMI is a method which requires precise control over the 
system being investigated, close monitoring of the experimental set up is 
vital especially when actively recording measurements. This chapter 
discusses, in detail, the VMI experimental process as well as the 
instrumental components that allow for the necessary level of system 
control. In general, the VMI process takes place within a vacuum sealed 
chamber that can achieve pressures below 1×10-9 torr (Figure 2.1). The 
chamber (70 cm in length) consists of two spherical sub-chambers 
connected by a time of flight (TOF) tube. The larger chamber is comprised 
of a sample inlet, two optical windows to allow the lasers to enter the 
chamber, as well as an evacuation port which allows for the safe release 
of the vacuum when maintenance is necessary. The larger chamber also 
houses ion optics which create an electric field within the chamber. It is 
this chamber that supplies the source of the sample molecules and where 
dissociation of the sample molecules occurs. Therefore, it will be referred 
to as the source chamber. The second, smaller chamber contains the 
detector and will be referred to as the detection chamber. Additionally, the 
detection chamber has a gas valve which is used to bathe the detector 
with nitrogen. This allows us to protect the detector when the VMI 
chamber is evacuated and exposed to atmosphere.  
 
8 
 
 
 
  
To achieve the required vacuum, two different types of pumps are 
utilized, two mechanical vacuum pumps (Leybold, Trivac D16B/D25B) as 
well as two turbo vacuum pumps (Osaka, TG390/TG900). The pressure of 
Figure 2.1: A computer generated model of the VMI chamber using 
AutoCAD. The parts shaded in red represent the chamber vacuum 
sensors. Those shaded in green represent the turbo vacuum pumps. 
Finally, the parts shaded in blue indicate the foreline pipes leading to 
the mechanical vacuum pumps.  
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the chamber is monitored at several different points with vacuum sensors. 
The chambers themselves are monitored via vacuum transducers each 
coupled with vacuum controllers (MKS Series 900). In addition to this, 
pressure is monitored in the forelines connecting the mechanical vacuum 
pump and the turbo vacuum pump (Kurt J. Lesker Company, KJLC 615). 
Having pressure sensors at the mentioned positions helps us ensure the 
vacuum pumps are working properly and gives us a better chance to 
identify any malfunctions before they cause significant damage. A high 
vacuum system is required in VMI to achieve optimal imaging conditions 
for several reasons. First, to achieve a high signal-to-noise ratio (S/N) 
interferences from outside sources, such as atmosphere, must be kept 
outside of the chamber. Also, ions unintentionally created from outside 
sources may overwhelm the detector and lead to an irreversible 
malfunction. Furthermore, a low-pressure is necessary for the formation of 
the molecular beam, which will be discussed in more detail later in this 
section.   
 Figure 2.2 shows a schematic of the VMI process and the following 
sections will describe each of the diagram’s features in more detail. 
However, a brief description of the VMI process is as follows: the process 
begins by pulsing a sample, carried by some monoatomic carrier gas (in 
this case argon), into a low-pressure chamber via a pulse valve (Parker-
Hannifin, Series 9). This sample introduction system initiates a process 
known as supersonic jet expansion that cools the sample molecule into its 
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lowest energy states, allowing for more accurate internal energy 
determination.1 After entering the low-pressure chamber, the sample is 
exposed to a pump laser. This laser has sufficient energy to excite the 
sample into a dissociative state and effectively break the molecule into 
several photofragments. Next, immediately after dissociation, the 
photofragments are detected by a second laser, commonly referred to as 
the probe laser. The probe allows certain photofragments, the ones to be 
analyzed, to access an ionization continuum in which they lose an electron 
and gain a positive charge. The pump and probe lasers are spatially 
separated by a 180° angle which allows for precise overlapping of the two 
beams. The charged fragments are then sent down the chamber via ion 
optics. They then collide with a phosphorescent detector that illuminates 
when interacting with ions. A camera then takes an image of this 
luminescence. By averaging a large amount of these images, the angular 
and velocity distributions of the dissociation event can be determined. 
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2.2 Supersonic Jet Expansion   
 To ensure precise measurements of energy partitioning in VMI 
experiments, sample introduction is just as important as sample 
preparation. Therefore, the pulse valve method of sample introduction is 
common-place in VMI studies. A pulse valve consists of a faceplate with a 
small opening (1 mm orifice) on the vacuum chamber side and a relatively 
 Pulsed 
Valve 
 Ion 
Optics 
 Ion 
Cloud  
Figure 2.2: A schematic indicating the VMI process. The rainbow arrow 
represents motion of sample into the chamber as well as its overall 
cooling process. The blue circle represents the ion cloud formed during 
dissociation and ionization. The ions impact a dual MCP/phosphor screen 
detector and are imaged by a charge couple device (CCD) camera.  
Figure 2.3: A) Pulse valve nozzle and subsequent molecular 
beam. B) Schematic representation of collisional cooling achieved 
by a supersonic jet expansion  
A) B) 
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large opening on the sample side (Figure 2.3 A). The faceplate contains a 
spring and a plastic poppet which are used to block the vacuum side 
opening in the pulse valve faceplate. The faceplate is screwed onto a 
solenoid that, through the spring and poppet, allows the quick opening and 
closing of the nozzle. The pulse valve is commonly used because it 
efficiently produces a molecular beam through a phenomenon known as 
supersonic jet expansion. Additionally, the molecules in this beam are 
sufficiently cooled in terms of rotational, translational, and to an extent 
vibrational energy (Figure 2.3 B).1 Indeed, through supersonic jet 
expansion sample molecules can reach temperatures of 10-50 K.  
 Gaseous molecules or atoms in the pulse valve nozzle experience 
a high pressure which leads to rapid collisions. It can be said that in this 
situation the speed of sound (a) is relatively high. This is because a is 
related to temperature through the following equation: 
                                         𝑎 = √
𝛾𝑘𝑏𝑇
𝑚
                                                  (1) 
in which, 𝛾 represents the specific heat ratio, kb is the Boltzmann constant, 
T is surrounding temperature, and m is the molecular mass of the 
molecule. At this point, the gas is considered stagnant and even though it 
has high translational temperature its overall mass flow velocity (u) is very 
low. We can use the mass flow velocity and speed of sound values to 
calculate the Mach number via the relation 𝑀 =
𝑢
𝑎
. As the mass flow 
velocity increases and the speed of sound decreases, the Mach number 
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will increase. Once M > 1 the gas is considered to be supersonic.1 We 
begin to see this transition from stagnant gas to supersonic gas as the 
molecules leave the pulse valve and enter the chamber. In an ideal 
supersonic molecular beam, the Mach number would equal 1 at the small 
pulse valve opening and continue to increase to supersonic levels as the 
gas expands in the deep vacuum of the chamber.2 
 The supersonic expansion created by the pulse valve achieves 
several goals. First, it drastically narrows the parallel velocity distribution 
of the molecules while simultaneously increasing the average parallel 
velocity (Figure 2.4). The velocity distribution narrowing is caused by the 
transition of energy from translational temperature to directed mass flow. 
This transition is achieved through the many collisions that occur at the 
pulse valve opening and the resulting hydrodynamic expansion 
downstream.1  
14 
 
 
 
 
When the sample is introduced into the VMI source chamber via 
the pulse valve, it is generally done so while seeded in some monoatomic 
carrier gas. For our experiments, argon gas is used as the carrier. The 
presence of a carrier gas allows for the cooling of internal energy levels, 
including rotational and, to a degree, vibrational energy levels. Cooling 
occurs through a series of rapid two-body inelastic collisions, through 
which energy is transferred from the sample molecule to the many 
surrounding carrier gas atoms. The energy difference between vibrational 
levels is much larger than that of rotational or translational energy levels 
making vibrational cooling more difficult. Additionally, large molecules 
have access to more degrees of vibrational freedom making vibrational 
Figure 2.4: Velocity distributions for (1) stagnant molecules and (2) 
cooled molecules following expansion. Adapted from reference 2 
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cooling difficult on the allowed cooling time frame. The cooling process 
takes place readily just after (< 1 mm from the nozzle) the high-pressure 
system of the pulse valve nozzle and becomes less abundant as the 
molecular beam expands into the low-pressure chamber where collisions 
become infrequent due to a narrow velocity distribution (Figure 2.5). There 
comes a point in the expansion at which no more collisions occur. Here, 
the sample molecules and carrier gas become locked in their current state 
whether or not they are at an equilibrium. This point is generally referred 
to as the collision free region and it allows for the extreme cooling of 
internal energy levels.1 
 
 
 
 
 It should also be noted that introducing sample molecules and 
carrier gases into our vacuum chamber will subsequently increase the 
number density of molecules in the chamber leading to an increase in 
pressure. Additionally, the flow of molecules can be adjusted by either 
High Pressure 
Low Pressure 
Skimmer 
Figure 2.5: Schematic indicating formation of the collision free region 
as particles move from a high-pressure system to a low-pressure 
system. A skimmer can be used to further increase uniformity of 
directional velocity. 
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tightening or loosening the pulse valve. Tightening the pulse valve 
constricts the spring and poppet allowing less time for the gas to escape 
into the source chamber which causes a decrease in chamber pressure. 
The opposite effect is achieved by loosening the pulse valve. However, 
there is a limit to how much pressure can be decreased by tightening the 
pulse valve and beyond this limit tightening will only increase the pressure. 
For optimal molecular beam formation, it is ideal to tighten the pulse valve 
just before this limit. 
2.3 Laser Equipment and Methods  
 In general, a two-laser pump-on pump-off baseline subtraction 
scheme was performed on the cold sample after it enters the ionization 
region of the chamber. The pump laser (Continuum, Surelite II-10) 
generated a 355 nm beam to photolyze the sample, and the probe laser 
(Radiant Dyes, NarrowScan) detected the formation of nitric oxide (NO) 
photofragments at approximately 226 nm via ionization. A pump-on pump-
off experimental set up is required because the probe laser has sufficient 
energy for dissociation as well. Therefore, by taking measurements with 
just the probe laser by itself in tandem with the measurements for when 
both lasers are active, quick subtraction of unwanted probe laser 
dissociation is possible. For dissociation experiments, a 1+1 resonance 
enhanced multiphoton ionization (REMPI) scheme via the NO 𝛾(0,0) band 
of the A2Σ+←X2Π is utilized allowing for state selected ion detection of the 
NO photofragment (Figure 2.6). Probe laser wavelengths are calibrated 
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with a wavemeter (Coherent, WaveMaster) and compared to the LIFBASE 
program. Since the pump laser (as well as the probe laser for the NO O2 
collisional quenching experiments) is a dye laser, choosing the correct dye 
is important to maximize laser power output. To determine which dye is 
most appropriate for the wavelength being used, the wavelengths are 
cross-referenced with the Lambdachrome Laser Dye manual.3 Once the 
dye is selected, a methanol dye solution is made at the concentration 
given by the literature and then is used to fill the oscillator cuvette. The 
amplifier solution is made with the same dye at approximately one third 
the concentration of the oscillator solution.  
              
 
Figure 2.6: A schematic indicating the REMPI process to detect nitric 
oxide from ortho-nitrophenol photolysis. The green arrow represents 
the photoexcitation event, and the blue arrows represent the state-
specific ionization of the resulting nitric oxide photofragment. 
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 Laser induced ionization of molecules is an important technique 
that has been developed primarily for use in mass spectroscopy studies. 
This is because laser induced ionization is considered a soft ionization 
method meaning that, with proper experimental consideration, ions are 
formed with very little fragmentation of the neutral parent molecule.4 While 
it is possible for single photon ionization to occur, it is more desired to 
utilize multiphoton techniques which allow not only for molecule-specific 
ionization but state-specific ionization as well. When this method is used in 
tandem with time of flight methods, this facilitates experiments on specific 
rotational levels. 
 One of the most commonly used multiphoton ionization schemes is 
REMPI, in which ionization is mediated through a resonant intermediate 
state. The intermediate state has several requirements that are necessary 
for efficient ionization to occur. The first of which is that transition to the 
intermediate state from the ground state must have a non-zero probability, 
and secondly, the lifetime of this intermediate state must be at least as 
long as the time difference between laser pulses meaning this state must 
be relatively stable.4 As previously stated, in the presented work a [1+1] 
REMPI scheme is used, in which one photon is used to excite the 
molecule of interest to the intermediate state and another subsequent 
photon with equal energy is used to further excite the molecule to the 
ionization continuum.  
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2.4 Ion Optics 
 As the name implies, the resolution of a velocity map imaging 
experiment relies heavily on the precision to which the ions traveling at a 
certain velocity and angle can be mapped to a point on the detector. This 
high level of precision is commonly achieved through the use of ion optics. 
Like most TOF experiments, an electric field is necessary to extract the 
ions that have been formed. However, since high resolution is required in 
the spatial component of the ion instead of the temporal component, the 
electric field must be formed in such a way that extraction depends only 
on the velocity vector of the ions after dissociation and not on their 
locations during the ionization event. This requirement is met through the 
use of ion optics, specifically electrostatic lenses (EL).  
 An ion optic set-up that utilizes EL is made up of several charged 
metal plates containing different sized circular holes and each with specific 
voltages (Figure 2.7). The first of the metal plates is a repeller plate and is 
located closest to the pulsed valve nozzle. The repeller plate has the 
smallest hole and also has the largest voltage associated with it. 
Additionally, the TOF timing of the ion is inversely proportional to the 
voltage of the repeller plate. Following the repeller plate is a set of 
extractor plates which help form the electric field for optimal spatial 
resolution. There can be any number of extractor plates (in the case of the 
following experiments there are two) and additional extractor plates can 
allow for more control over the spatial tuning of ions. As compared to the 
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repeller plate, the extractors have lower voltages and each subsequent 
extractor plate is further decreasing in voltage. However, the ratio between 
the voltages of the repeller and extractor plates can be altered to further 
focus the ions (in this case focusing refers to the mapping of ions with the 
same initial velocity vector to the same point on the detector). For the 
following experiments, the ratio between the voltages of the first extractor 
and the repeller plate was approximately 0.83, and the ratio between the 
second extractor and the repeller plate was approximately 0.44. However, 
these ratios can and should be adjusted to optimize ion separation. To 
receive the best results when adjusting the voltage ratios, make 
adjustments to the first extractor plate to correct major ion image issues, 
and make adjustments to the second extractor plate to fine-tune the 
image. Since the repeller plate is directly related to the ion arrival time it 
best to not adjust this EL unless a change in the overall voltage of the ion 
optics is necessary. 
 It should be noted that the probe laser intersects the molecular 
beam between the repeller plate and the first extractor plate. The location 
of the probe laser between the two ion optics can alter the magnification of 
the ion cloud. The electric field is completed by the final metal plate which 
is essentially a grounding electrode.5 
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 As can be seen in Figure 2.7, regardless of where ions are formed 
along the ionization line source generated by the probe laser, they 
culminate downfield in the TOF tube depending on their initial dissociation 
velocity vector. The point at which culmination of velocity equivalent ions 
occurs is referred to as the focal point. Indeed, the presence of a focal 
Figure 2.7: Simulated extraction of ions via an electric field generated 
by ion optics. The full time-of-flight (TOF) pathway is shown (a) in 
addition to magnified portions including ions ejecting from three 
different locations along the pump laser and probe laser pathway which 
is parallel to the y-axis (c) and a further magnification of ions formed at 
one of those points (b) and a zoom-in on the focal point further down 
the TOF pathway. Adapted from reference 4. 
22 
 
point is truly the cornerstone of this experimental set up which allows for 
true velocity map imaging. Ion images created by this process have radii 
as described by the following equation: 
                                             𝑅 ∝ 𝑁√
𝐾𝐸
𝑞𝑉𝑅
                                            (2) 
In this equation N represents the magnification factor which is dictated by 
the placement of the laser between the repeller and first extractor plate, 
KE indicates kinetic energy which can be related to velocity if the mass of 
the ion is known, q is the charge of the ion, and VR represents the voltage 
of the repeller plate. This equation was confirmed by ion trajectory 
simulations and further reinforces that ion trajectories are not influenced 
by their initial dissociation location.5 
2.5 Ion Detection Process 
 The photodissociation of the sample molecule culminates downfield 
at a 40 mm microchannel plate (MCP) detector that provides the electrical 
signal interpreted by an oscilloscope (Teledyne LeCroy, Waverunner 
8054). The acquired TOF data is then processed in Igor Pro 7 to 
determine peak areas of relevant arrival times. Ion images are collected 
via the fast phosphor screen coupled to the MCP detector. Two-
dimensional images of NO+ ion clouds are captured with a charge-coupled 
device (CCD) camera and the angular and velocity distributions of the 
images are constructed using LabView, Igor Pro 7, and pBASEX 
programs. In particular, pBASEX is used to convert the 2D captured image 
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into a 3D newton sphere. This process is achieved through an inverse 
Abel transform.6 
Figure 2.8 shows a typical ion image captured by the CCD camera. 
In this image, each pixel represents a different area on the detector. This 
implies that the picture resolution and therefore the number of pixels 
captured by the detector has a direct impact on velocity measurement 
quality. The phosphor screen detector utilized in these experiments can 
capture images with a resolution of 492×656 pixels. The color of the image 
indicates the propensity of ions to impact that specific location on the 
detector, or, in other words, the ion intensity at that location. For 
reference, the darker and lighter colors represent low and high intensity 
respectively. As is the case for most experiments, averaging data is 
necessary to achieve high S/N. For these experiments, as well as in the 
image shown in Figure 2.8, each final image is the average image of 
approximately 30,000 ion images.    
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2.6 Analysis Procedure 
 The following section describes the step-by-step procedure which is 
utilized in this experiment to transfer the ion images captured by the CCD 
camera to Igor Pro 7 (IP7). This section is largely intended for those trying 
to recreate the ion images shown in this manuscript. First, image data is 
sent to the computer and is read by a program called “dataacq v6”, which 
not only interprets image data but also collects and averages the 
approximately 30,000 images taken for each molecule and rotational level. 
“dataacq v6” converts these images to DAT files which are then exported 
to IP7.  
Figure 2.8: An example of an ion image collected in our lab. The pixel 
color indicates the number of ions hitting that location of the detector. The 
arrow indicates the polarization of the pump and probe laser and the color 
of the arrow represents the velocity of the ion. 
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To export a file to IP7, click on the data tab on the main toolbar. 
Then, mouse over the “Load Waves” tab and in that drop-down menu, 
click on “Load General Text.” After this, select the file containing the data 
to be analyzed. In doing this a “Loading General Text” pop-up will appear. 
In this window make sure the double precision and make table boxes are 
checked and then click on load. This will load the excel data into a single 
table on the IP7 user interface. However, this table is composed of 492 
different wave files (492 relates to the number of vertical pixels on our fast 
phosphor screen detector). Each wave file represents one column of the 
actual 492×656 image when opened will show up as one-dimensional 
graph plotting intensity versus one column of pixels. To convert these to 
the desired two-dimensional tables, which IP7 will automatically display as 
an image as shown in Figure 2.8, we must first copy all the data in the 
table containing the wave files. Then, open a single wave file (which will 
from now one be referred to as wave0) by double clicking its name in the 
data browser window. In this new table, right click in the first cell and 
select “Redimension wave0.” In the corresponding window, change the 
number of columns from zero to 492 and then click “Do It.” This will add 
491 columns to the wave0 table and populate them with zeros. Select all 
the data in the wave0 table and then paste the data previously copied 
from the table containing all the wave files. At this point, the table 
containing all the wave files can be closed and the rest of the wave files 
(excluding wave0) can be deleted. The ion image can now be seen in the 
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bottom of the data browser window when wave0 is selected and can be 
edited by right clicking on the wave0 file and clicking on “New Image.” 
Depending on the ion intensity it might be difficult to see the image, 
however, this can be corrected by right clicking in the image and selecting 
“Modify Image.” For these experiments the color scheme is changed from 
the default “Grays” to “PlanetEarth256.” Additionally, the color table range 
can be altered to produce a more visible image. Finally, it will likely be 
helpful to change the name of the wave0 file to something more 
descriptive title. This can be done by click on wave0 once in the data 
browser and then clicking a second time.   
2.7 Analysis Methods 
 Having discussed the VMI apparatus in detail, it is now appropriate 
to discuss the methods that are the most commonly used in our lab to 
analyze the data collected in the VMI experiment. The following sections 
will explain analysis techniques such as total kinetic energy release 
distributions, image anisotropy parameters (β), as well as product state 
distributions, and how those techniques can provide an understanding of 
important dynamical processes. 
2.7.1 Total Kinetic Energy Release Distributions 
 One of the most useful analytical tools made available by VMI is the 
total kinetic energy release distribution (TKER). A TKER provides the 
kinetic energy information of both photofragments formed during 
dissociation and can be calculated by first determining the velocity 
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distribution of the ion image. This process begins by first rebuilding the 3D 
newton sphere via the pBASEX program. Following reconstruction, 
pBASEX determines the intensity of ions by integrating the newton sphere 
as a function of radius and vertical angle and then plots the ion intensity 
versus detector pixel.7 This pixel intensity distribution is then converted to 
a TKER via the following equations8: 
                                          KER𝐴 =  
1
2
𝑀𝐴 (
𝑑
𝑡∙𝑁
)
2
                                      (3) 
                                          TKER =  
KER𝐴∙𝑀𝐴𝐵
𝑀𝐵
                                         (4) 
 Equation 3 describes the conversion from detector location to 
kinetic energy release of photofragment A (KERA) where MA is the mass of 
photofragment, t is the arrival time of the ion at the detector, N represents 
the magnification factor that is specific to a certain VMI set-up, and d is the 
distance traveled of the ion. The distance value is calculated by relating 
pixel location to meters via 𝑑 = Pixel/(492 ∙ 0.4). This is a simple 
conversion in which 492 represents the number of pixels in the width of 
the detector and 0.4 is the width of the detector in meters. Then equation 
4 is used to determine the TKER of the dissociation by comparing the 
KERA the mass fraction of the cofragment. The TKER distribution is then 
formed by plotting the ion intensity at this newly calculated TKER value. 
As this conversion from pixel location to kinetic energy is done by the user 
in an excel sheet, there are several variables the user must double check. 
Indeed, since arrival time and mass values of the molecules are likely to 
28 
 
change as different parent molecules and photofragments are being 
investigated, it is important to make sure these changes are reflected in 
the conversion excel sheet. The TKER can then be related to the internal 
energy of the cofragment via conservation of energy considerations. 
2.7.2 Anisotropy Parameter 
 In addition to measuring the kinetic energy distribution of the ion 
image, one can also measure the angular distribution which can provide 
useful information on the symmetry dynamics of the ground and excited 
states involved in the dissociation event. This is possible because once 
the molecular beam is acted upon by the polarized pump laser, the 
sample molecules become instantaneously polarized along the same 
directions. Once polarized, depending upon whether the excited stated 
symmetry is parallel or perpendicular to the ground state symmetry, the 
fragments will be released along the polarization axis or perpendicular to it 
respectively. This is only the case, however, when the dissociation rate is 
quicker than the rotational period of the molecule (Figure 2.8), which is 
true for most direct dissociations.8 If the dissociation requires several 
steps then it is likely that the molecule will be given enough time to rotate, 
therefore yielding an isotropic image.  
 The intensity as a function of angle can be described by the 
following equation: 
                                   𝐼(𝜃) = (1 + 𝛽𝑃2(𝐶𝑜𝑠𝜃)) 4𝜋⁄                               (5) 
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Here 𝜃 is describing the angle between the velocity vector and the 
polarization direction of the pump laser and P2(x) the second-order 
Legendre polynomial. One of the most important qualities in equation 5 is 
the 𝛽 value (also referred to as the anisotropy parameter). It can have a 
value maximum of 2, for parallel transitions, and a minimum value of -1, 
for perpendicular transitions. Additionally, when the image is isotropic, 𝛽 
has a value of zero, indicating that the dissociation lifetime is longer than 
the rotational period (Figure 2.8). 𝛽 can be used to locate different 
dissociation pathways in an ion image as well as measure absorption 
coefficients and intersystem crossing probabilities.  
 
 
 
2.7.3 Product State Distributions 
 As previously stated, [1+1] REMPI is used to ionize the 
photofragments of interest allowing for state-specific measurements. In 
particular, we are exciting to a resonant rovibrational energy level between 
the NO X2Π and A2Σ+ electronic energy levels. Among other benefits, this 
Figure 2.9: Diagram indicating the possible angular distributions and 
their corresponding anisotropy parameter, 𝛽.  
β +2 0 -1 
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ionization scheme allows us to directly probe the populations of rotational 
levels simply by altering the probe laser wavelength to that of known 
rotational transitions found in the LIFBASE program. Therefore, the only 
ions detected are those populating the probed rotational level. For these 
studies, we probe the Q1 and R1 rotational branches generally from Jʺ=5.5 
to Jʺ=60.5 for v=0.  
A brief note on notation, when referring to the rotational transition 
being probed we use the format ΛΩ(Jʺ). In this format, Jʺ refers to the 
rotational state quantum number and is calculated using Hund’s coupling 
case (a). Hund’s case (a) describes a system in which the orbital and spin 
vectors of the electrons are uncoupled, and because of this Jʺ = l + S 
making a Jʺ a combination of the angular momentum, l, and the electron 
spin, S, therefore, Jʺ values are commonly half-integers.9 In the rotational 
state notation, Λ refers to the rotational branch being probed. In this study 
we investigate both R-branch, where ΔJʺ = +1, and Q-branch, ΔJʺ = 0. 
Finally, Ω refers to the spin-orbit coupled state. As an example, R1(25.5) 
would represent a rotational transition in the R-branch of the first spin-orbit 
coupled state (F1) at the 25.5 rotational level.  
The intensities of probed rotational levels are found by integrating 
the area from their respective TOF peaks (A). This area must then be 
corrected for several experimental conditions and is done so via the 
following equation: 
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                                            𝐼 = ln [
𝐴
(2𝐽+1)(𝑃∙𝑙)
]                                         (6) 
This corrected intensity value (𝐼) takes into account the power of the laser 
(P), the line strength of the transition (𝑙), and the degeneracy of the 
rotational level.10 The corrected intensity is then plotted versus the 
respective energy of the rotational level and forming a Boltzmann-fitted 
product state distribution. Then, through the equation 𝑀 = −1 𝑘𝑏𝑇𝑟𝑜𝑡⁄ , the 
slope (M) of this distribution can then be correlated to the rotational 
temperature (Trot) and can indicate which rotational branch is more 
populated or if the rotational states are experiencing a non-boltzmann 
distribution of internal energy (Figure 2.10). To make doubly sure the 
intensities being measured are accurate, reference intensity 
measurements are used to determine a scaling factor that can account for 
small day-to-day changes. This includes slight changes in chamber 
pressure, exact laser alignment, or ion optic voltage ratios. To determine 
this scaling factor, a reference intensity measurement is determined with a 
high level of certainty at the beginning of the experiment. Then, at the 
beginning of each day, a daily reference is taken at the same rotational 
transition as the original reference. The ratio of those two values 
determines the scaling factor that each intensity measurement taken that 
day should be multiplied by. 
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Figure 2.10: Schematic representing the product state distribution 
(PSD) process. The different arrows indicate which rovibronic energy 
level is being accessed and correspond to same color arrow on the 
distribution. It should be noted that this schematic is not representative 
of actual experimental results and is only used to illustrate the process. 
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Chapter 3: Nonstatistical Dissociation Dynamics of Nitroaromatic 
Chromophores 
 
3.1 Introduction 
 The troposphere has experienced an unprecedented transformation 
in its chemical composition due to anthropogenic emissions from 
hydrocarbon fuels, biomass burning, and the fast-expanding list of 
biofuels. This presents a challenge to the scientific community seeking to 
provide a molecular-scale understanding of their impact on the 
atmosphere. In pursuit of this goal, global models necessarily face a 
daunting task as they strive to incorporate the myriad array of chemical 
reactions. Consequently, the increased molecular complexity in the 
troposphere yields many routes to the formation of aerosols, which have 
profound effects on atmospheric chemistry, air quality, and climate.1,2 
 The interaction of solar radiation with aerosols has a significant, yet 
not entirely understood, impact on the Earth's climate, in which aerosols 
may scatter (cooling effect) or absorb (warming effect) incoming light.2  A 
particular class of organic aerosols referred to as "brown carbon (BrC)" 
due to their color are ubiquitous in urban and rural atmospheres where 
they are formed from the oxidation of anthropogenic and biogenic 
aromatics and alkenes.3-7 The ability of BrC aerosol particles to scatter 
light is well established.  However, recent work has demonstrated that BrC 
aerosol particles can also strongly absorb visible and ultraviolet (UV) light.  
Indeed, several of the major light-absorbing nitroaromatic chromophores 
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responsible for the enhanced light absorption properties of BrC aerosol 
particles were recently identified.3,4,8  The wide array of BrC chromophores 
has relatively high absorption coefficients in the solar spectral window and 
therefore cause BrC aerosol particles to have a net warming effect on the 
atmosphere.6,8-11  
 Prototypical BrC chromophore molecules such as nitrobenzene, 
ortho-nitrophenol, and nitroresorcinol – the focus of the present study – 
also exist as isolated molecules in the atmosphere.  Having significant 
absorptivity in the visible/UV regions, as shown in Figure 3.1, 
nitroaromatics have central roles in the troposphere as temporary 
reservoirs of hydroxyl (OH) radical, nitric oxide (NO) radical, nitrogen 
dioxide (NO2), and oxygen (O) atom photoproducts that are rapidly 
released upon electronic excitation.  Indeed, OH and NO radicals are 
important atmospheric oxidizing intermediates, therefore, knowledge of 
their sources and sinks is required.12,13 
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Figure 3.1: Absorption spectra of nitrobenzene (red trace) and ortho-
nitrophenol (black trace) across the 300 – 400 nm range10,11 overlaid with 
the AM1.5 solar flux spectrum (grey shaded). The 355 nm photolysis 
wavelength used in the current study is denoted with a blue arrow.  The 
corresponding absorption spectrum for nitroresorcinol is not available in 
the literature. 
 
 Previous experimental and theoretical studies have shed light on 
the spectroscopy and dynamics of nitrobenzene and ortho-nitrophenol.  
Galloway and co-workers employed 125 nm VUV ionization coupled with 
UV excitation of nitrobenzene from 220 – 320 nm to characterize the 
primary photodissociation products and energy partitioning to kinetic 
energy and co-fragment internal energy.14,15  Using multimass ion imaging 
to measure the fragment kinetic energies, Lin et al. determined that the 
NO translational energy distributions are bimodal for nitrobenzene 
photolysis at 193, 248, and 266 nm.16  More recently, the Suits and Lin 
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groups revealed that at 226 nm photolysis, the faster component in the 
bimodal NO translational distribution arises from contributions due to 
dissociation on the T1 triplet state, whereas the slower component stems 
primarily from dissociation on the ground state, possibly through a 
roaming mechanism.17 
 Furthermore, the absorption cross section of nitrobenzene and 
ortho-nitrophenol were reported approximately across the 300-400 nm 
range (shown in Figure 3.1).10,11  There is no absorption spectrum 
currently available for nitroresorcinol.  Sangwan and Zhu also concluded 
that photolysis of ortho-nitrophenol in the near-UV primarily generated OH 
and HONO radicals, along with the formation of NO.10  The photochemical 
dynamics of ortho-nitrophenol have been studied as well.18-20  Nascent OH 
radicals detected with laser-induced fluorescence from dissociation of 
ortho-nitrophenol from 361 – 390 nm were revealed to be nonstatistically 
formed in the vibrational ν′′=0 state and relatively low rotational J′′ states.18  
The photodynamics of ortho-nitrophenol molecules were studied via 
velocity map imaging (VMI) of hydrogen (H) atom fragments at 243 nm, 
concluding fast internal conversion to the ground electronic state was 
responsible for the appearance of slow, statistical H-atom fragments.19  
Finally, the ultrafast dynamics of ortho-nitrophenol were investigated by 
Ernst and co-workers on the first excited singlet state (S1) with time-
resolved photoelectron spectroscopy and quantum chemical 
calculations.20  The authors provided evidence for sub-picosecond internal 
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conversion to the ground state, in addition to a competitive intersystem 
crossing pathway on the triplet state manifold which also ultimately leads 
back to the electronic ground state.  
 Theoretical calculations of the geometries and energetics in the 
ground state and in the singlet and triplet excited states of nitrobenzene 
and ortho-nitrophenol have been previously conducted using high-level 
methods.21-26   Mewes et al. and Giussani et al. used multireference 
approaches to map out the internal conversion and intersystem crossing 
pathways associated with rapid non-radiative relaxation from the S1 to the 
S0 electronic states of nitrobenzene.24,26  While these studies primarily 
focused on non-isomerization processes, Giussani and Worth did describe 
a pathway from the nitrobenzene minimum energy structure on T1 to 
phenyl nitrite on S0.24  Xu et al. used multireference methods to identify 
pathways for the rapid electronic relaxation of ortho-nitrophenol as well as 
for proton transfer between the nitro and hydroxyl groups.21  Furthermore, 
quantum chemical and theoretical kinetic studies were carried out by 
Vereecken et al.25 for ortho-nitrophenol decomposition to atomic and 
molecular fragments on the S0 and T1 potential energy surfaces, showing 
that OH and NO radicals were the dominant degradation products. 
In this study, we investigate and compare the 355 nm 
photodissociation dynamics of nitrobenzene, ortho-nitrophenol, and 
nitroresorcinol using VMI along with characterization of the NO product 
state distributions. Multireference calculations are carried out in tandem to 
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obtain physical insights into the photodissociation dynamics.  In a 
combined experimental and theoretical investigation, a molecular-level 
understanding of the nonstatistical dissociation mechanisms for 
nitrobenzene, ortho-nitrophenol, and nitroresorcinol is discussed.  
3.2 Experiment 
 The UV photolysis dynamics of nitrobenzene, ortho-nitrophenol, 
and nitroresorcinol were recorded under isolated-molecule conditions in a 
free-jet VMI apparatus that has been previously described in detail.27  In 
separate experiments, the vapor of nitrobenzene, ortho-nitrophenol, or 
nitroresorcinol is entrained in ~ 1 bar of argon by sufficiently heating the 
sample reservoir to 50 °C.  Subsequently, a pulsed valve (1 mm, Parker 
General Valve Series 9) is used to form a supersonic jet expansion where 
collisional cooling occurs for the species of interest (rotational temperature 
~ 10 K), which is interrogated downstream. 
 In the laser interaction region, photolysis is induced with 355 nm 
radiation generated from the third harmonic output of a Nd:YAG laser 
(Continuum Surelite II-10) operating at 5 Hz.  A linear response in NO 
product formation and photolysis power for all experiments was ensured to 
minimize multiphoton effects.  Furthermore, the 355 nm photolysis laser 
polarization was set parallel to the plane of the detector.  Following a 50 
ns time delay, a counter-propagating UV probe laser operating at 10 Hz is 
spatially overlapped with the photolysis laser to state-selectively ionize NO 
products using a 1 + 1 resonance-enhanced multiphoton ionization 
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(REMPI) scheme via the NO γ(0,0) band of the A2Σ+←X2Π transition.  The 
probe wavelengths are obtained by frequency-tripling the output of a 
Nd:YAG dye laser (Radiant Dyes, NarrowScan) with BBO crystals.  The 
laser wavelengths are calibrated with a wavemeter (Coherent 
WaveMaster) and compared to the LIFBASE program.28  The probe laser 
power was reduced to ~100 μJ/pulse to reduce photodissociation of the 
precursor molecules. 
 After photodissociation, NO+ is extracted by a stack of ion optics 
through a time-of-flight tube and velocity focused to impact a 40 mm 
microchannel plate (MCP) detector.  The MCP is coupled to a fast 
phosphor screen that is electronically gated for NO+.  Two-dimensional 
NO+ ion images are captured with a CCD camera, and the acquisition is 
carried out using a LabVIEW program.  The experimental resolution was 
previously determined to be ΔE/E ~ 10%.27  In order to quantify the 
angular and velocity distributions, the ion images are reconstructed using 
the pBASEX software.29  The NO product state distribution from 355 nm 
photolysis of nitrobenzene, ortho-nitrophenol, or nitroresorcinol is collected 
by scanning the probe laser on well-defined NO REMPI transitions and 
monitoring the enhanced ion signal.  Ion images and product state 
distributions are recorded with active baseline subtraction to remove 
background signal. 
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3.3 Theoretical Calculations 
 Stationary points on the ground-state singlet (S0) and lowest energy 
triplet (T1) potential energy surfaces (PESs) were obtained using the 
multiconfiguration self-consistent field method (MCSCF) with an aug-cc-
pVDZ basis and full configuration interaction within the active space.30,31  
A more complete treatment of electron correlation at the optimized 
geometries was obtained using multireference Møller-Plesset second-
order perturbation theory (MRMPT2).32  For nitrobenzene and ortho-
nitrophenol, the chosen active space included the complete set of π 
molecular orbitals as well as those molecular orbitals with large amplitude 
on the NO2 group and significant p-character.  For nitroresorcinol, the two 
π molecular orbitals consisting primarily of oxygen p-orbitals from the two 
hydroxyl groups were excluded from the active space.  For nitrobenzene, 
the geometry optimizations were performed with an active space 
consisting of 14 electrons in 11 orbitals (14,11) while the active space for 
the MRMPT2 calculations was slightly larger at (16,13).  For ortho-
nitrophenol and nitroresorcinol, both the geometry optimizations and 
MRMPT2 calculations used an (18,14) active space. These calculations 
were performed using the GAMESS software package and analyzed using 
wxMacMolPlt.33-35 
 It is worth noting that, particularly for the triplet stationary points, 
multireference methods were necessary to achieve an accurate PES.  
Analysis of the leading T1 amplitudes from restricted open-shell 
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CCSD(T)/cc-pVTZ calculations indicated significant multireference 
character at some of the triplet stationary points.  Furthermore, geometry 
optimizations performed using DFT at the ωB97X-D/6-311+G(3df,2p) level 
of theory predicted stationary point structures which were not replicable in 
subsequent MCSCF geometry optimizations. 
For all parent molecules, relaxed scans along the O-NO 
dissociation coordinate were obtained by performing a series of 
constrained geometry optimization calculations at fixed O-NO bond 
lengths.  For nitrobenzene and nitroresorcinol, these calculations were 
performed at the (18,14) MCSCF/aug-cc-pVDZ level of theory while for 
ortho-nitrophenol, the calculations were performed using (16,13) 
MCSCF/aug-cc-pVDZ. The chosen active spaces included π molecular 
orbitals as well as molecular orbitals with significant bonding or anti-
bonding character around the O-NO bond that is breaking in the scan.  At 
each of the optimized geometries, the individual dipole moments of the 
NO and aromatic co-fragments were obtained at the restricted open-shell 
Møller-Plesset second-order perturbation theory (RO-MP2/aug-cc-pVDZ) 
level of theory.  These calculations included the basis functions of the 
other fragment centered on ghost atoms.  The fragment dipole moment 
calculations were performed using Q-Chem 5.1.36 
Optimized geometries and harmonic vibrational frequencies of the 
phenoxy and hydroxyphenoxy radicals were obtained using equation-of-
motion ionization potential coupled cluster singles and doubles (EOM-IP-
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CCSD) level of theory using a cc-pVDZ basis.37  The leading T1 and T2 
amplitudes for both radicals do not suggest significant multireference 
character to the ground state wave function.  Anharmonic vibrational 
frequencies of all three aromatic co-fragments were separately obtained 
using vibrational second-order perturbation theory (VPT2) at the m06-
2X/6-311G(2df,2pd) level of theory.38,39 These two methods yield similar 
vibrational frequencies for the modes of interest for phenoxy and 
hydroxyphenoxy.  The EOM-IP-CCSD calculations were performed using 
Q-Chem 5.1 while the anharmonic vibrational frequencies were obtained 
using Gaussian 09.36,40 
3.4 Results 
Upon irradiation at 355 nm, nitrobenzene, ortho-nitrophenol, and 
nitroresorcinol are excited to the S1 electronic state and promptly return 
back to the S0 electronic state or T1 state via nonradiative processes 
including internal conversion and intersystem crossing.21,24-26  This is 
reflected in the broad UV/visible absorption profiles of nitrobenzene and 
ortho-nitrophenol shown in Figure 3.1.  No absorption spectrum is 
currently available for nitroresorcinol.  This work represents the first study 
on the UV dissociation dynamics of nitroresorcinol, which more closely 
resembles typical BrC nitroaromatic chromophores.  Following 
nonradiative electronic relaxation to T1 or S0, fragmentation then occurs 
for each species.  The present study focuses on the dissociation pathway 
for each parent molecule to NO and aromatic radicals.  The two-
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dimensional ion images of nascent NO photofragments were collected for 
different rotational states using state-selective 1 + 1 REMPI with VMI 
detection.  The ion images were analyzed to determine the NO velocity 
and angular distributions following UV excitation of nitrobenzene, ortho-
nitrophenol, and nitroresorcinol.  Shown as insets in Figures 3.2-3.4 are 
the ion images collected while probing the NO X2Π1/2 (v′′=0, J′′) rotational 
states using the Q1 and R1 lines.  The polarization of the 355 nm pump 
laser is kept parallel to the detector (blue arrow).  All other NO product 
rotational states displayed similar ion image results.  The excited spin-orbit 
state (2Π3/2) was not examined in detail. 
The isotropic NO ion images indicate that the parent nitroaromatic 
molecules dissociate on a slower timescale than their respective rotational 
period (τ ≥ 9-11ps), based on rotational constants from the literature and 
calculations.41,42  Using linearly polarized light, the measured angular 
distributions can be quantitatively examined by transforming the laboratory 
frame distributions using I(θ) ~ 1 + β‧P2(cos θ).  Here, θ is the angle 
between the recoil direction and the polarization of the 355 nm pump 
laser, and P2 is a second-order Legendre polynomial.  Using the 
pBASEX29 program, 3D image reconstruction extracts the anisotropy 
parameter β.  Overall, the anisotropy parameter across the main feature in 
each ion image is slightly negative but effectively zero and does not 
change over the kinetic energies observed, confirming that the angular 
distributions are isotropic.  These results support a picture of NO 
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dissociation occurring after the molecule undergoes electronic relaxation 
from S1 to a lower-lying electronic state as opposed to rapid dissociation 
on the S1 state. 
 
Figure 3.2: Velocity map ion images of NO products and total kinetic 
energy release (TKER) to NO (v′′=0) and phenoxy products (red bold 
traces) recorded using the a) Q1(J′′=20.5), b) R1(J′′=20.5), c) Q1(J′′=30.5), 
and d) R1(J′′=30.5) transitions following 355 nm photolysis of nitrobenzene 
using vertical polarization (blue arrow). The statistical Prior distribution 
(non-bold trace) is superimposed over the experimental results in the 
upper left panel. 
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Figure 3.3: Velocity map ion images of NO products and total kinetic 
energy release (TKER) to NO (v′′=0) and hydroxyphenoxy products (black 
bold traces) recorded using the a) Q1(J′′=20.5), b) R1(J′′=20.5), c) 
Q1(J′′=30.5), and d) R1(J′′=30.5) transitions following 355 nm photolysis of 
ortho-nitrophenol using vertical polarization (blue arrow). The statistical 
Prior distribution (non-bold trace) is superimposed over the experimental 
results in the upper left panel. 
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Figure 3.4: Velocity map ion images of NO products and total kinetic 
energy release (TKER) to NO (v′′=0) and dihydroxyphenoxy products 
(green bold traces) recorded using the a) Q1(J′′=25.5), b) R1(J′′=25.5), c) 
Q1(J′′=35.5), and d) R1(J′′=35.5) transitions following 355 nm photolysis of 
nitroresorcinol using vertical polarization (blue arrow). The statistical Prior 
distribution (non-bold trace) is superimposed over the experimental results 
in the upper left panel. 
 
 Furthermore, the ion images were analyzed with pBASEX29 to 
determine the velocity distributions of the NO (v′′=0, J′′) products.  This is 
accomplished by implementing an inverse Abel transformation along the 
vertical axis and subsequently integrating the radial distributions over the 
polar angle.  Using conservation of momentum, the total kinetic energy 
released (TKER) to NO + aromatic radical products are obtained.  The 
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resulting TKER distributions for the Q1(J′′) and R1(J′′) rotational levels are 
shown in Figures 3.2-3.4 for nitrobenzene, ortho-nitrophenol, and 
nitroresorcinol, respectively.  The TKER distributions for nitrobenzene and 
ortho-nitrophenol are broad, extending over 8000 cm-1 with breadths of 
4650 cm-1 across the full width at half maximum.  Conversely, the TKER 
distributions from nitroresorcinol photolysis span to 12000 cm-1 with the full 
width at half maximum ~ 4500 cm-1.  Furthermore, the average energy 
placed into translation is TKER ~ 3300 cm-1 from the fragmentation of 
nitrobenzene and ortho-nitrophenol, and approximately 3780 cm-1 for 
nitroresorcinol.  Though a full energy partitioning study was not carried out 
(only vʺ=0 was investigated), it is shown that approximately 15% of the 
available energy is channeled to product kinetic energy at this vibrational 
level. This partitioning is consistent among all the investigated rotational 
levels. Galloway et al. explored the average kinetic energies for 
photodissociation of nitrobenzene to NO + phenoxy from 220 – 320 nm, 
and showed that the translational energy comprised about 20% of the 
available energy at all photolysis wavelengths.14  The present results are 
in good agreement with this previous study, despite exciting nitrobenzene 
to a different electronic state. 
 To further analyze the experimental TKER data, a Prior distribution 
is employed to predict the energy partitioning to the relative recoil velocity 
between the NO + aromatic co-fragments for comparison with the TKER 
distributions.  A Prior distribution is a statistical method based on the 
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assumption that, without dynamical bias, all final quantum states of 
products are equally likely to be populated.43  Therefore, all energetically 
available product quantum states up to the available energy must be 
determined.  The quantum states are then partitioned into groups based 
on the resolution of the experiment.  The groups with a greater number of 
states will have a larger population since all quantum states have an equal 
probability to be occupied, thus creating a non-uniform distribution.  Only 
the quantum states for the aromatic radical are included in the state count 
since the quantum state of NO X2Π1/2 (v′′=0, Q1(J′′)) or (v′′=0, R1(J′′)) is 
fixed during the experiment (𝐸𝑖𝑛𝑡(𝑁𝑂)).  Therefore, the energy 𝐸 released 
to products is decreased by the fixed NO internal energy to: 
                                   𝐸 = 𝐸𝑎𝑣𝑙  – 𝐸𝑖𝑛𝑡(𝑁𝑂).                                  (1) 
We define 𝐸𝑎𝑣𝑙 to be the available energy to the NO + aromatic co-
fragment products and is equivalent to the UV excitation energy minus the 
computed reaction endothermicity: 
                                       𝐸𝑎𝑣𝑙 = 𝐸ℎ𝜈 − Δ𝐸𝑟𝑥𝑛.                                   (2) 
Here, Δ𝐸𝑟𝑥𝑛 is the energy difference between the parent nitroaromatic 
stationary points and their corresponding products.  Therefore, Δ𝐸𝑟𝑥𝑛 = 
6010 cm-1 for nitrobenzene, Δ𝐸𝑟𝑥𝑛 = 4400 cm
-1 for ortho-nitrophenol, and 
Δ𝐸𝑟𝑥𝑛 = 2140 cm
-1 for nitroresorcinol based on the MRMPT2 calculations 
described below.  The expression for the density of translational states is: 
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         𝜌(𝐸𝑇)  =  𝐴𝑇𝑔(𝐸𝑖𝑛𝑡(𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐))(𝐸𝑇 – 𝐸𝑖𝑛𝑡(𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐))
1 2⁄ ,      (3) 
where 𝐸𝑇 is the translational energy, 𝐸𝑖𝑛𝑡(𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐) is the internal energy 
of the aromatic co-fragment, 𝑔(𝐸𝑖𝑛𝑡(𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐)) is the degeneracy of the 
aromatic co-fragment at 𝐸𝑖𝑛𝑡(𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐), and 𝐴𝑇 is a normalization 
constant.  The total density of states 𝜌(𝐸) at the energy 𝐸 is the sum of 
𝜌(𝐸𝑇) over all internal rovibrational states of the aromatic co-fragment that 
are allowed by conservation of energy. The Prior distribution for 
translational energy is then calculated as 𝑃(𝐸𝑇)  =  𝜌(𝐸𝑇)/𝜌(𝐸).  The Prior 
distribution is straightforward to implement, yet it has several limitations. 
Specifically, it does not include linear or angular momentum in its 
calculations.44  However, this method may be used to ascertain a 
deviation of the experimental results from a statistical distribution of 
energy after photolysis, which reflects dynamical constraints in the 
photodissociation process. 
 The results derived from the Prior calculations are plotted as non-
bold traces on the experimental TKER distributions in Figures 3.2-3.4.  To 
determine the accessible aromatic radical quantum states required in the 
Prior simulations, available rotational constants were obtained from 
microwave spectroscopy,41,42 and the rotational constants of the 2,6-
dihydroxyphenoxy radical were obtained from calculations.  Calculated 
anharmonic frequencies provided the vibrational level energies.  
Additionally, the hydroxyl group torsions were treated as harmonic 
oscillators for the ortho-nitrophenol and nitroresorcinol photodissociation 
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Prior calculations. The most probable translational energy from the 
simulated Prior distributions for nitrobenzene and ortho-nitrophenol is 
approximately 600 cm-1, whereas the most probable value is ~520 cm-1 for 
nitroresorcinol.  Additionally, the predicted average translational energies 
from nitrobenzene, ortho-nitrophenol, and nitroresorcinol dissociation are 
1680 cm-1, 1640 cm-1, and 1610 cm-1, respectively.  Overall, the Prior 
calculations predict TKER distributions that differ significantly from the 
experimental results, indicating that the distribution of energy upon 
photodissociation is considerably nonstatistical. 
 NO product state distributions following 355 nm photolysis of 
nitrobenzene, ortho-nitrophenol, and nitroresorcinol were recorded by 
probing selected Q1(J′′) and R1(J′′) transitions in the A2Σ+←X2Π (0,0) band 
system.  Only rotational states larger than J′′ = 20.5 were included in the 
analysis to avoid contributions from cold NO in the molecular beam.  Each 
probe transition is scanned three times, and the monitored signal intensity 
is integrated and divided by the state degeneracy factor (2J′′+1), probe 
pulse energy, and the line strength from LIFBASE28 to obtain the 
population of the individual states.  The natural logarithm of the population 
for each probed R-branch rotational level P(J′′)/(2J′′+1) is plotted against 
the internal energy of NO (v′′=0, J′′) denoted as 𝐸𝑖𝑛𝑡(𝑁𝑂) in Figure 3.5.  
Both Q- and R-branch rotational state distribution data displayed 
statistically similar results. Therefore, only Q-branch data is shown in the 
current work. The slope is obtained from the fit to the experimental data to 
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extract a rotational temperature (Trot) for the Q1(J′′) and R1(J′′) branches, 
assuming a Boltzmann rotational distribution.  The Trot therefore serves as 
a measure of the rotational excitation.  We note that there is no reason 
that the product state distributions should assume a specific rotational 
temperature. Instead we are measuring an average of rotational 
temperatures experienced by the nascent NO photofragments. However, 
the results may be used to explore the NO Λ-doublet state propensities.  
In particular, the Q-branch transitions have a high selectivity for the Π(Aʺ) 
state, whereas the Π(Aʹ) state may be probed with the R-branch (or P-
branch) transitions.45 
  
Figure 3.5: Product state distributions of NO X2Π (v′′=0, J′′) products for 
the R-branch from the 355 nm photolysis of nitrobenzene (red circles), 
ortho-nitrophenol (black squares), and nitroresorcinol (green triangles).  
The NO populations for the R-branch are fitted to a Boltzmann distribution 
(bold traces), and the Prior simulation results are overlaid on the 
experimental data as non-bold traces.  Note that the NO product state 
distributions have been vertically displaced from one another to 
emphasize their differences. 
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Prior simulations were also carried out to predict the NO product 
state distributions in v′′=0 from photolysis of nitrobenzene, ortho-
nitrophenol, and nitroresorcinol.  Similar to the discussion above, 𝐸𝑎𝑣𝑙 was 
fixed and the accessible energy levels of NO and the aromatic co-
fragments were determined.  Next, the relative populations, which are 
proportional to their density of states 𝜌(𝐸𝑖𝑛𝑡(𝑁𝑂)) and 𝜌(𝐸𝑖𝑛𝑡(𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐)), 
were calculated.  Furthermore, each energetically accessible pair of NO 
and aromatic radical product levels is weighted by their respective 
rovibronic degeneracies and also weighted by their translational density of 
states, 𝜌(𝐸𝑇).  
 The experimental Trot of the Q- and R-branches are 3400 ± 500 K 
and 3400 ± 600 K, respectively, for NO from nitrobenzene decomposition.  
Conversely, the experimental Trot is 6000 ± 1000 K for the Q-branch and 
6600 ± 800 K for the R-branch manifold from ortho-nitrophenol photolysis 
at 355 nm.  Thus, the distributions reveal that both Λ-doublet levels are 
equally populated within experimental uncertainty.  However, the average 
Trot of NO products is a factor of two larger from ortho-nitrophenol 
photolysis compared to nitrobenzene and nitroresorcinol.  The NO product 
state distribution obtained from nitroresorcinol photolysis is particularly 
intriguing since it is clearly nonlinear, signifying a non-Boltzmann rotational 
distribution.  Therefore, the Trot obtained for NO from nitroresorcinol 
photolysis (4000 ± 2000 K) using a Boltzmann distribution is qualitative at 
best.  As Figure 3.5 shows, the population of NO rotational states is less 
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from nitroresorcinol dissociation compared to the other systems.  In any 
event, a significant deviation is evident in comparing the experimental NO 
product state distributions (bold traces) in Figure 3.5 to the Prior 
simulation results (non-bold traces), further revealing nonstatistical 
behavior.  For NO (v′′=0), the Prior simulations predict Trot = 6900 K, Trot = 
8000 K, and Trot = 10800 K from nitrobenzene, ortho-nitrophenol, and 
nitroresorcinol photolysis, respectively.  It should be noted that the NO 
product state distributions in Figure 3.5 have been displaced from one 
another to emphasize their differences. 
 The S0 and T1 (16,13) MRMPT2/aug-cc-pVDZ//(14,11) 
MCSCF/aug-cc-pVDZ PESs for nitrobenzene calculated in this study are 
shown in Figure 3.6.  On S0, a large barrier (64.43 kcal/mol) separates 
nitrobenzene from the nearly isoenergetic phenyl nitrite isomer.  The two 
conformational isomers of phenyl nitrite, which are separated by a 
relatively small barrier, can both undergo endothermic decomposition to 
yield NO and phenoxy. On the T1 PES, the barrier for isomerization from 
nitrobenzene to phenyl nitrite is significantly smaller (18.04 kcal/mol) and 
the isomerization is energetically favorable by 7.32 kcal/mol.  The 
barrierless decomposition of phenyl nitrite into NO and phenoxy is strongly 
exothermic on T1.   
55 
 
 
Figure 3.6: Schematic S0 (red) and T1 (blue) potential energy surfaces for 
nitrobenzene calculated at the (16,13) MRMPT2/aug-cc-pVDZ//(14,11) 
MCSCF/aug-cc-pVDZ level of theory along with the stationary point 
geometries.  
 
 The PESs shown in Figure 3.6 are in generally good agreement 
with the G2M(CC1)//UB3LYP/6-311+G(3df,2p) PESs reported in Hause et 
al.17  The PESs reported in the present work were obtained using 
multireference approaches with large active spaces, albeit with a relatively 
modest aug-cc-pVDZ basis, whereas Hause et al. used a composite, 
single-reference approach to obtain the electronic energy at DFT 
optimized geometries.  One notable difference between the two PESs is 
that we were unable to identify a NO2 roaming transition state geometry on 
S0 despite trying multiple starting geometries, including a structure with C-
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N and C-O distances consistent with the values reported in Ref. 17.  It is 
worth noting that Hause et al. reported that their roaming transition state 
calculations displayed spin-contamination as well as evidence of 
significant multireference character. 
 
Figure 3.7: Schematic S0 and T1 potential energy surfaces for the syn 
conformer of ortho-nitrophenol calculated at the (18,14) MRMPT2/aug-cc-
pVDZ//(18,14) MCSCF/aug-cc-pVDZ level of theory along with the key 
stationary point geometries.  
 
The S0 (18,14) MRMPT2/aug-cc-pVDZ//(18,14) MCSCF/aug-cc-
pVDZ PES for the syn conformer of ortho-nitrophenol calculated in this 
study is shown in Figure 3.7.  Similar to nitrobenzene, the nearly 
isoenergetic ortho-nitrophenol and ortho-hydroxyphenyl nitrite isomers are 
separated by a large, 66.1 kcal/mol barrier.  The two conformations of 
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ortho-hydroxylphenyl nitrite are separated by a relatively small 5.85 
kcal/mol barrier and can both undergo endothermic decomposition to yield 
NO and ortho-hydroxyphenoxy. Proton transfer from the hydroxyl to the 
nitro group is uphill in energy by 31.6 kcal/mol. Finally, a similar pattern of 
S0 stationary points is observed for the higher-energy anti conformer.  It is 
worth noting that the anti conformer is 11.36 kcal/mol higher in energy 
than the syn conformer, a result of the nitro group losing both hydrogen 
bonding and -conjugation. 
The T1 PES for the syn conformer of ortho-nitrophenol is also 
shown in Figure 3.7.  In contrast with the S0 PES, proton transfer from the 
hydroxyl to the nitro group is exothermic by 24.9 kcal/mol.  Unlike 
nitrobenzene, we were unable to identify an ortho-hydroxyphenyl nitrite 
minimum energy stationary point geometry on T1.  Instead, a low 2.91 
kcal/mol barrier separates ortho-nitrophenol from a strongly exothermic 
(61.8 kcal/mol) decomposition into NO and hydroxyphenoxy. 
The S0 (18,14) MRMPT2/aug-cc-pVDZ//(18,14) MCSCF/aug-cc-
pVDZ PES for the syn-syn conformer of nitroresorcinol calculated in this 
study is shown in Figure 3.8.  Similar to nitrobenzene and ortho-
nitrophenol, a large 65.63 kcal/mol barrier separates the nitroresorcinol 
and dihydroxyphenyl nitrite isomers.  Unlike the other two compounds, 
one of the  
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Figure 3.8: Schematic S0 and T1 potential energy surfaces for the syn-syn 
conformer of nitroresorcinol calculated at the (18,14) MRMPT2/aug-cc-
pVDZ//(18,14) MCSCF/aug-cc-pVDZ level of theory along with the key 
stationary point geometries. 
 
dihydroxyphenyl nitrite conformers is 2.80 kcal/mol lower in energy than 
nitroresorcinol.  The two dihydroxyphenyl nitrite conformers can both 
undergo endothermic decomposition and are separated by a relatively low 
4.28 kcal/mol barrier.  Proton transfer from one of the hydroxyl groups to 
the nitro group is uphill in energy by 19.80 kcal/mol.  Similar to ortho-
nitrophenol, the anti-anti conformer of nitroresorcinol is higher in energy 
than the syn-syn conformer by 10.99 kcal/mol.  The pattern of S0 
stationary points for the anti-anti conformer of nitroresorcinol is similar to 
those of the syn-syn conformer.  Finally, it is worth noting that in going 
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from nitrobenzene to ortho-nitrophenol to nitroresorcinol, the 
endothermicity of the decomposition on S0 decreases from 17.19 kcal/mol 
to 12.58 kcal/mol to 6.11 kcal/mol for the syn conformers. 
The T1 PES for the syn-syn conformer of nitroresorcinol is also 
shown in Figure 3.8. Similar to ortho-nitrophenol, proton transfer from the 
hydroxyl to the nitro group is exothermic by 28.17 kcal/mol on T1.  Also, 
like ortho-nitrophenol, stable dihydroxyphenyl nitrite minima were not 
observed on the T1 PES.   Decomposition to NO and dihydroxyphenoxy 
was found to be exothermic by 69.62 kcal/mol.  While a barrier preceding 
dissociation was not identified for the syn-syn conformer, a small 2.27 
kcal/mol barrier was found for the anti-anti conformer. 
3.5 Discussion 
Hause17 reported on the 226 nm photolysis of nitrobenzene, 
presenting ion images with a bimodal translational distribution as a 
function of the probed NO rotational state J′′.  For low J′′, only a slow 
component is present, but with increasing J′′, the faster translational 
component appears.  Consistent with Figure 3.6, the faster component 
was ascribed to NO production from the T1 triplet state surface, where the 
strong exothermicity of dissociation would impart significant translational 
energy to the fragments.  The slower component was assigned to 
fragmentation occurring on the ground state PES, where dissociation is 
uphill in energy from phenyl nitrite.  Using energy-dependent branching 
ratio calculations, Hause et al. argued further that the slow component 
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was specifically due to a roaming pathway on S0.  We reproduce the slow 
and fast components in ion images for nitrobenzene photolysis at 226 nm.  
In a future publication, we will describe the 226 nm photodissociation 
dynamics of ortho-nitrophenol and nitroresorcinol to NO products.46 
For the present study, focusing on the 355 nm photodissociation of 
nitrobenzene, only the slow component is evident in all ion images, even 
at high NO(J′′).  Based on the previous results by Hause as well as the 
PESs in Figure 3.6, this is consistent with the dissociation occurring on S0.  
While T1 is not directly involved in the actual dissociation, the triplet 
manifold could certainly be involved in the electronic relaxation back to S0.  
In particular, the intersystem crossing pathway from the nitrobenzene 
minimum on T1 to the phenyl nitrite minimum on S0 reported by Giussani 
and Worth allows for a circumvention of the large isomerization barrier on 
S0.24  Because we could not obtain an MCSCF optimized geometry for a 
NO2 roaming transition state, along with the limitations Hause et al. 
reported in their calculations of this stationary point, it seems possible that 
the fragmentation on S0 occurs through a non-roaming pathway.  We 
cannot, however, definitively rule out a roaming mechanism without a 
more in-depth analysis, such as directly modeling the photodissociation 
dynamics. 
Similarly, ion images obtained from ortho-nitrophenol and 
nitroresorcinol 355 nm photodissociation only possess a single component 
regardless of the probed NO (v′′=0, J′′) level.  Moreover, the TKER 
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distribution for all three parent molecules are similar and are consistent 
with, on average, approximately 15% of the total available energy going 
into the translational motion of the fragments.  Referring to the calculated 
surfaces, this suggests that dissociation of the three nitroaromatic 
chromophores occurs on the S0 PES, where the O-NO bond cleavage is 
uphill in energy, as opposed to the T1 PES, where the exothermicity of the 
dissociation would lead to larger translational energies.  
 The predicted translational distributions from 355 nm 
photodissociation of nitrobenzene, ortho-nitrophenol, and nitroresorcinol 
were determined using a statistical Prior calculation discussed in the 
previous section.  The calculated average energy imparted to translation 
from nitrobenzene, ortho-nitrophenol, and nitroresorcinol photolysis is 
1680 cm-1, 1640 cm-1, and 1610 cm-1, respectively.  The Prior simulation 
results deviate substantially from the average TKER results observed in 
the experimental data, which indicates the presence of a dynamical 
constraint in the dissociation dynamics.  More specifically, the 
experimental TKER distributions indicate that less energy is stored in the 
internal energy of the aromatic fragments than would be predicted based 
on a purely statistical distribution of the energy among the various 
quantum states.  As a result, a greater fraction of the overall energy ends 
up in the translational kinetic energy of the fragments.  Furthermore, the 
Prior simulations for the NO product state distributions indicate that less 
energy is partitioned to NO rotation in experiments.  It is worth noting that 
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statistical Prior simulations treat the radical co-fragments as structureless 
and non-interacting, which can lead to considerable discrepancies when 
compared to experimental observations. 
 Figure 3.5 shows the results of the product state distribution 
obtained for the Q- and R-branches of NO from nitrobenzene, ortho-
nitrophenol, and nitroresorcinol photodissociation.  Since these 
distributions are plotted as the logarithm of a Boltzmann distribution, 
written as P(J′′) ~ exp[-Eint(J′′)/kTrot], versus the rotational energy level 
𝐸𝑖𝑛𝑡(𝑁𝑂), the slope of the graphs yields the Trot of the individual branches.  
For all parent nitroaromatic molecules, this analysis indicates that NO is 
formed with varying rotational excitation, albeit consistently less than what 
is predicted with statistical Prior simulations.  Furthermore, production of 
NO from nitroresorcinol photolysis results in a non-Boltzmann distribution 
of rotational states.  It is to these deviations from statistical treatments that 
we now turn. 
The results of MCSCF relaxed scans of one conformer of ortho-
nitrophenol and two conformers of nitroresorcinol along the O-NO 
dissociation coordinate are shown in Figure 3.9, beginning with 
geometries that are displaced by 0.25 Å from the corresponding minimum 
energy geometry.  Previous studies on the hydrogen atom abstraction 
reaction between Cl and a variety of organic molecules described trends 
in the HCl product state distribution based on the chemical structure of the 
organic radical co-product.47-50  Specifically, the extent of rotational 
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excitation of the HCl was correlated with the magnitude and relative 
orientations of the fragment dipole moments at the transition state and 
product complex geometries.  Influenced by this approach, the dipole 
moments of the radical fragments were calculated at each geometry in the 
scan and are shown superimposed on the molecular structures in Figure 
3.9.  The dipole moment of NO has been enlarged for clarity.   
 
 
Figure 3.9: Representative geometries from MCSCF relaxed scans of 
ortho-nitrophenol (left column) and two isomers of nitroresorcinol (middle 
and right columns) along the O-NO bond dissociation coordinate.  The first 
geometry in all three scans is displaced 0.25 Å from the corresponding 
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minimum energy geometry.  The fragment dipole moments are shown 
superimposed on the molecular geometries, with the dipole moment of NO 
enlarged for clarity. 
 The middle and right columns of Figure 3.9 focus on two MCSCF 
relaxed scans of nitroresorcinol.  In the first of these scans (middle 
column), evidence of a significant torque on the dissociating NO fragment 
is clearly evident, with the NO nearly perpendicular to the aromatic plane 
in the final geometry.  The presence of a re-orientation of the NO group 
along this minimum energy dissociation path is consistent with the 
significant rotational excitation of the dissociating NO fragment observed 
experimentally.  Note that in this scan, the dipole moments of the two 
fragments are initially oriented head-to-tail (although vertically displaced 
from each other) and end up nearly perpendicular.  In the second scan 
(right column), the dipole moments of the two fragments begin with a 
115.4° angle between them and end nearly anti-parallel to one another.  
Along this minimum energy dissociation pathway, the NO experiences a 
much smaller torque, largely moving directly away from the aromatic co-
fragment. 
It is worth noting that the trend observed in the middle and right 
columns of Figure 3.9 is counter to that observed in previous studies on H-
atom abstraction reactions.  Specifically, in the previous studies, the less 
alignment between the HCl and organic radical dipole moments at the 
transition state or product complex geometry, the greater the rotational 
excitation of the HCl molecule.  This was rationalized through an 
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electrostatic induced torque on the HCl that steers the products into a 
more favorable dipole moment alignment.  In contrast, the relaxed scan in 
Figure 3.9 with the greatest torque induced on the NO begins with the 
fragment dipole moments nearly parallel to one another.  However, unlike 
in the H-atom abstraction reactions, the fragment dipole moments are 
significantly vertically displaced from each other.  This vertical 
displacement between the dipole moments leads to a much more 
anisotropic potential than if the dipole moments were collinear, allowing for 
the torque observed in the relaxed scans. 
Analogous MCSCF relaxed scans for nitrobenzene are very similar 
to the nitroresorcinol scans shown in Figure 3.9.  The magnitudes of the 
dipole moments are significantly larger for nitrobenzene than for 
nitroresorcinol.  For example, at the first geometry in the center column in 
Figure 3.9 the dipole moments are 0.963 D and 0.177 D for 
dihydroxyphenoxy and NO, respectively.  In the corresponding MCSCF 
relaxed scan for nitrobenzene, the values are 2.653 D and 0.206 D for 
phenoxy and NO.  The larger dipole moments of the radical fragments of 
nitrobenzene will result in greater long-range dipole-dipole interactions, 
which may explain the population of higher NO(J′′) states from 
nitrobenzene photodissociation as compared to nitroresorcinol.  Previous 
studies of H-atom abstraction reactions of Cl with a range of organic 
molecules similarly correlated the Trot of the HCl product with the dipole 
moment magnitude of the organic radical product.50 
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Turning to ortho-nitrophenol, the MCSCF relaxed scan in Figure 3.9 
shows the presence of significant long-range interactions which steer the 
dissociating NO molecule into the plane of the aromatic fragment.  This 
long-range movement of the NO molecule from being above the aromatic 
plane to being nearly co-planar with the hydroxyphenoxy fragment was 
observed in all of the calculated minimum energy dissociation pathways of 
ortho-nitrophenol, although the NO was not exclusively steered to the side 
of the molecule with the hydroxyl group. The asymmetric motion observed 
in the minimum energy NO dissociation pathways of ortho-nitrophenol 
reflects the asymmetric charge distribution of the hydroxyphenoxy 
fragment.  The MCSCF relaxed scans suggest that in ortho-nitrophenol, 
the dissociating NO experiences a more complex set of anisotropic long-
range forces than in the other two nitroaromatic species, giving rise to 
greater and more complex rotational motion.  This is consistent with the 
experimental observation of a significantly higher NO Trot from ortho-
nitrophenol photolysis than from nitrobenzene or nitroresorcinol photolysis. 
The highly non-Boltzmann NO rotational distribution from the 
photolysis of nitroresorcinol shown in Figure 3.5 merits additional 
discussion.  Given the strong similarity between the MCSCF relaxed 
scans of nitrobenzene and nitroresorcinol, the present analysis is 
insufficient to fully explain the differences present in the NO rotational 
populations obtained from the photolysis of these two species.  Instead, 
the non-Boltzmann NO rotational distribution obtained from nitroresorcinol 
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photolysis likely reflects details of the non-radiative relaxation pathways 
following excitation to S1. Analysis of these pathways will be the subject of 
future investigation.   
The MCSCF relaxed scans also provide some insights into 
potential dynamical constraints in the dissociation pathways, which 
prevent a statistical partitioning of energy amongst the vibrational modes 
of the fragments.  For all three nitroaromatic systems, cleavage of the O-
NO bond is accompanied by in-plane distortions of the aromatic co-
fragment.  Specifically, significant distortions along the relaxed scan are 
observed in the C-O bond length associated with the breaking O-NO 
bond, C-C bond lengths, C-C-C bond angles, and C-C-H bond angles.  
This suggests that as the O-NO bond breaks, energy will more readily flow 
into the vibrational modes associated with these in-plane distortions than 
vibrational modes primarily involving out-of-plane distortions.  As a result, 
a limited subset of the vibrational state density will be populated in the co-
fragment relative to a fully statistical energy partitioning.  Similar results 
were observed in previous hydrogen atom photofragment translational 
spectroscopy on the photodissociation of heteroaromatics, where 
dynamical constraints on the dissociation pathway led to selective 
population of aromatic ring distortions.51,52   
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3.6 Conclusion 
 The nonstatistical dissociation signatures of nitrobenzene, ortho-
nitrophenol, and nitroresorcinol following 355 nm excitation are 
investigated with velocity map imaging and high-level theoretical 
calculations.  In particular, the TKER and NO product state distributions 
deviate significantly from statistical Prior simulations, indicating the 
presence of dynamical constraints on energy partitioning during the 
dissociation.  Significant differences between the NO product state 
distributions of the three nitroaromatics suggest contrasting dissociation 
processes giving rise to different nonstatistical photochemical dynamics. 
The computational analysis suggests that the NO experiences stronger 
and more anisotropic long-range interactions with hydroxyphenoxy than 
with the other two photofragments.  This may explain why photolysis of 
ortho-nitrophenol produces NO with a rotational temperature that is twice 
that of NO produced from nitrobenzene or nitroresorcinol photolysis.  The 
highly non-Boltzmann NO rotational state distribution observed with 
nitroresorcinol photodissociation is an especially dramatic manifestation of 
non-statistical energy partitioning in these systems and merits future 
studies capable of unraveling the detailed non-radiative pathways that 
nitrorescorcinol follows prior to dissociation on S0. 
 Nitroaromatics are important atmospheric molecules derived from 
anthropogenic and biogenic processes.  Furthermore, they are known 
light-absorbing chromophores embedded in “brown carbon” (BrC) 
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aerosols, giving rise to their enhanced absorption properties in the near-
UV/visible regions.  This study comprises a combined experimental and 
theoretical effort to examine the 355 nm solar photolysis of these three 
nitroaromatic chromophores that release NO upon fragmentation.  Upon 
readily absorbing 355 nm solar radiation, each molecule is promoted to 
the S1 electronic state followed by prompt de-excitation and dissociation 
on the S0 ground electronic state.  With a focus on obtaining a molecular-
scale understanding of the fragmentation mechanisms following solar 
absorption, we report the nonstatistical signatures that are imprinted on 
the internal energies and relative recoil of products.  A coherent picture 
emerges that is consistent with previous studies, which is that at 
atmospherically-relevant solar wavelengths, de-excitation from S1 
proceeds to a nearby Tn triplet manifold or S0, followed by decomposition 
on S0.  Though the NO formation channel may be comparatively low,10 the 
aromatic and NO radicals that are released from photolysis may enrich the 
molecular complexity in the particle phase and in the atmosphere.  Future 
work will focus on extending the wavelength photolysis range and 
exploring the dissociation dynamics of more complex nitroaromatic 
species implicated in BrC aerosols.  
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Chapter 4: Dynamical Signatures from Competing, Nonadiabatic 
Fragmentation Pathways of S-Nitrosothiophenol 
4.1 Introduction 
 Sulfur is emitted from a variety of sources into the Earth’s 
atmosphere, contributing significantly towards tropospheric and 
stratospheric processes.  In particular, reduced sulfur compounds of low 
molecular weight including hydrogen sulfide, dimethyl sulfide, and thiols 
such as methyl sulfide are released in large quantities from marine 
phytoplankton and bacteria near coastal areas.1-3  More chemically 
complex forms of reduced sulfur compounds are also emitted from fossil 
fuel, natural gas, and coal-burning processes.  Photochemical oxidation is 
one of the primary atmospheric removal pathways of reduced sulfur 
compounds through direct gas-phase reaction with OH and NO3 radical 
initiated processes.3,4  Sulfur dioxide (SO2) is a key product that is 
ultimately converted to sulfuric acid (H2SO4), which plays an important role 
in aerosol nucleation, acid rain, and air quality.3,5 
 Atmospheric oxidation of reduced sulfur compounds proceeds first 
through H-atom abstraction and O2 addition, eventually leading to the 
formation of thiol radicals (RS⸱) prior to SO2 production.3  Near urban 
areas with high NOx (e.g., nitric oxide; NO) concentrations, radical-radical 
reaction involving RS⸱ + NO may occur to produce oxidation reaction 
intermediates known as S-nitrosothiols (RSNOs).4,6,7  Following solar 
photolysis, RSNOs will fragment to organic radicals, SH, NO, O-atom, and 
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H-atom products.8-12  Reactions with other ambient molecules such as 
water provide additional pathways for isomerization and likely decay to 
hydroxyl (OH) radicals.13  RSNOs are also an important family of 
molecules in biological signaling pathways and are promising 
phototherapeutic drugs, acting as nitrosylating agents diffusing through 
membranes as NO shuttles at the cellular level.  In particular, unimolecular 
decomposition of RSNOs activates important biochemical pathways such 
as transnitrosation of proteins including hemoglobin, whereas it has been 
shown that direct photolysis results in an enhanced cytotoxic effect in 
leukemia cells.14-16 
 RSNOs have been the focus of extensive theoretical studies,7,13,17-
28 but experimental investigations8-12,29-31 have been limited due to the 
general instability of RSNOs at room temperature.  RSNO compounds are 
predicted to possess multiple photochemical pathways upon excitation, 
occurring along different potential energy surfaces.7,21,22  First studied in 
cryogenic noble gas matrices, the photoisomerization between syn/anti 
conformers of HSNO and between structural isomers (e.g., SNOH, etc.) 
was induced from the infrared to the UV regions.8,9  Pfab and co-workers 
photolyzed CH3SNO and (CH3)3CSNO via the B1A′←X1A′ transition 
ranging from 355 to 470 nm and observed non-statistical rotational 
population distributions from nascent, vibrationally-cold NO detected with 
laser-induced fluorescence.10,11  More recently, Schmaunz initiated 
photochemical decomposition of (CH3)3CSNO from the A1A′′(nπ*) and 
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B1A′(ππ*) excited states using a variant of the velocity map imaging (VMI) 
technique.12  The authors verified that both excited A1A′′(nπ*) and 
B1A′(ππ*) electronic state surfaces were purely repulsive and observed 
mode-specific dissociation from several vibronic A1A′′← X1A′ bands. 
 Here, we investigate the competing photodissociation pathways of 
S-nitrosothiophenol (PhSNO) at 355 nm, accessing the S2 (A′) electronic 
excited state.  As Figure 4.1 illustrates, there are four distinct product 
channels from PhSNO decomposition that differ in energy by the NO spin-
orbit splitting and the thiophenoxy (PhS) ground and first excited electronic 
states.  Moreover, the product channel total symmetry is determined by 
the individual NO spin-orbit states and PhS electronic state symmetries.  
Overall, vibronic symmetry must be conserved in subsequent evolution 
from PhSNO excitation to dissociation products.  As this article will show, 
our results probe the competitive branching from the S2 electronic state to 
the S0 or S3 potential energy surfaces through their respective conical 
intersections.  The dynamical signatures from the dissociation process 
and from passage through the conical intersections are imprinted on the 
fragments’ quantum states, which we explore in rigorous detail using 
velocity map imaging and high-level theoretical calculations. 
78 
 
 
 
4.2 Experiment 
S-Nitrosothiophenol (PhSNO) was prepared using a modification of 
the method used by Iranpoor and Firouzabadi.32  N2O4 was absorbed onto 
activated carbon (Norit, RO 0.8 pellets, Aldrich) giving an incorporation of 
1 mmol N2O4/0.36 g.  In a typical procedure, K2CO3 (0.34 g, 2.5 mmol) 
was covered CH2Cl2 (stirred over K2CO3 and degassed with Ar), and the 
mixture was cooled in an ice bath under Ar.  Thiophenol (0.11 g, 1.0 
Figure 4.1: Diabatic correlation diagram of PhSNO excitation and 
photodissociation to NO + thiophenoxy co-fragments through the S2/S3 
or S2/S0 conical intersections. The electronic states are labeled with the 
corresponding Cs symmetry of the molecule. The inset shows an 
enlarged rendering of the crossing region with the adiabats (broken lines) 
forming avoided crossings. The S2(A′) state (black) correlates 
diabatically with the NO(A′′) + PhS(A′′) dissociation limit, but interaction 
with the S3(A′′) state (red) and the S0(A′) state (green) creates 
dissociation channels leading nonadiabatically to the NO(A′) + PhS(A′′) 
and NO(A′) + PhS(A′) dissociation limits, respectively. 
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mmol) was added followed by the N2O4/Norit.  The mixture turned dark 
red, which was stirred for 7 minutes and then filtered through a Celite plug 
with Ar into a cooled receiver flask. 
The velocity map imaging (VMI) chamber used in this work has 
been described in detail elsewhere.33  The sample reservoir was cooled to 
-10 °C to limit PhSNO decomposition to PhS-SPh, which appeared yellow 
in color.  Upon the sample changing color, no laser-induced signal was 
detected, which prompted refreshing the sample.  PhSNO was seeded in 
Ar at 1 bar backing pressure and pulsed into a high-vacuum chamber 
creating a supersonic jet expansion to cool the sample to its vibrational 
zero-point level from collisions with the inert carrier gas.  The third 
harmonic output from a Nd:YAG laser (Continuum Surelite II-10) at 355 
nm photolyzed the cold PhSNO molecules in the collision-free region of 
the supersonic expansion.  Operating at twice the repetition rate, a 
counter-propagating UV probe laser near 226 nm was spatially overlapped 
with the photolysis laser beam to detect NO photofragments using 1+1 
resonance-enhanced multiphoton ionization (REMPI).  The probe 
wavelengths ionized select NO rovibrational (v′′, J′′) levels to report on the 
dissociation dynamics of PhSNO.  Frequency-tripling the output of a 
Nd:YAG-pumped dye laser (Radiant Dyes, NarrowScan) with a series of 
BBO crystals generated the probe wavelengths, which were measured 
with a wavelength meter (Coherent WaveMaster) and compared to values 
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in LIFBASE.34  The polarization of both lasers was set parallel to the plane 
of the detector. 
The ions are accelerated on axis with the supersonic expansion, fly 
through a field free time-of-flight tube, and velocity focused onto a 
spatially-sensitive MCP/phosphor screen coupled detector, which is 
electronically gated for the NO+ mass (m/z = 30).  The VMI calibration was 
discussed previously,33 and yielded an energy resolution (ΔE/E) of 
approximately 10%.  A charge-coupled device (CCD) camera captured the 
spatial images, and the pBASEX program35 was used to obtain the 
velocity and angular distributions following image reconstruction. 
4.3 Results 
 Following dissociation of PhSNO at 355 nm, the NO photoproducts 
are detected using 1 + 1 REMPI in tandem with VMI to determine the 
photochemical mechanisms.  The two-dimensional ion images of NO (J′′) 
in v′′=0 and v′′=1 are shown as insets in Figure 4.2 and 4.3, respectively, 
for the Q1 and R1 branches.  The polarization of the 355 nm photolysis 
laser is kept parallel to the detector plane (blue arrow).  For low NO (J′′), 
the image is comprised of a single anisotropic contribution at low 
translational energy that is qualitatively consistent with dissociation 
occurring on a faster timescale than the rotational period of PhSNO.  
However, as J′′ increases, the ion images show the onset of another 
anisotropic contribution at larger translational energy that also supports 
fast NO dissociation. 
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 Strikingly, both the slow and fast contributions in the ion images 
show nearly orthogonal angular distributions.  Using linearly polarized 
light, the measured angular distributions can be quantitatively examined 
by transforming the laboratory frame distributions using I(θ) ~ 1 + β‧P2(cos 
θ).  Here, θ is the angle between the recoil direction and the polarization of 
the 355 nm pump laser, and P2 is a second-order Legendre polynomial.  
Using the pBASEX35 program, 3D image reconstruction extracts the 
anisotropy parameter β.  Following analysis, the anisotropy parameter β is 
determined to be ~1.5 for the slower component and the faster component 
has a β ~ -1.  Clearly, there are competing pathways giving rise to the 
observed bimodal distribution at different translational energies. 
 The radial distribution is then integrated over the polar coordinate to 
obtain the velocity distribution of NO (v′′, J′′) products.  The total kinetic 
energy release (TKER) to NO + PhS co-fragments is obtained from the 
velocity distribution of NO products using conservation of momentum.  
Figure 4.2 and 4.3 show the TKER distributions when detecting NO (v′′=0, 
J′′) and (v′′=1, J′′), respectively.  The slower component shows resolvable 
peaks, whereas the faster component more readily observed at large NO 
(J′′) displays broadened features extending to approximately 5000 cm-1. 
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Figure 4.2: Velocity map ion images of NO products for the v′′=0 a-c) 
Q1(J′′) and d-f) R1(J′′) branches, and corresponding total kinetic 
energy release (TKER) distributions of NO + thiophenoxy co-
fragments upon 355 nm photolysis of PhSNO with vertical polarization 
(blue arrow). 
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4.4 Discussion 
 As Figure 4.1 shows, PhSNO undergoes electronic excitation from 
S0 (A′) to the S2 (A′) excited electronic state, which decomposes 
diabatically to the NO(A′′) + PhS(X A′′) dissociation limit.  Furthermore, the 
S0(A′) and S3(A′′) diabatic states correlate to the NO(A′) + PhS(A A′) and 
NO(A′) + PhS(X A′′) dissociation limits, respectively.  During experiments, 
we probe the formation of NO(A′) made in coincidence with the PhS co-
Figure 4.3: Velocity map ion images of NO products for the v′′=1 
a-c) Q1(J′′) and d-f) R1(J′′) branches, and corresponding total 
kinetic energy release (TKER) distributions of NO + thiophenoxy 
co-fragments upon 355 nm photolysis of PhSNO with vertical 
polarization (blue arrow). 
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fragment in the ground (X A′′) or first excited electronic state (A A′).  The 
two states of PhS differ only in the relative orientation of the singly 
occupied 3pπ orbital localized on the sulfur atom.  As PhSNO evolves to 
dissociation products, the population initially on the S2(A′) electronic state 
may nonadiabatically transition to the S0(A′) or S3(A′′) surfaces, accessed 
via curve crossing at the conical intersection regions with vibrational 
modes of the correct symmetry.  Therefore, vibronic coupling leads to the 
formation of two adiabats upon which PhSNO dissociates to NO(A′) + 
PhS(X A′′) and NO(A′) + PhS(A A′) products. 
The slow components observed in the ion images in Figure 4.2 and 
4.3 are attributed to NO(A′) product formation arising from nonadiabatic 
transition of PhSNO from S2(A′) to S0(A′). This is also consistent with the 
observed β ~ 1.5 anisotropy parameter, which is slightly lower than the +2 
value limit likely due to the necessary vibrations activated to cross 
between S2(A′) to S0(A′).  The slow component features in the ion images 
are likely due to the NO(A′) + PhS(A A′) channel since the dissociation 
limit is uphill in energy, therefore yielding products with relatively low 
translational energy as observed.  We also assign the fast component with 
anisotropy parameter β ~ -1 to the production of NO(A′) from vibronic 
coupling of the S3(A′′) and S2(A′) states of PhSNO.  Table 1 lists the 
anharmonic vibrational frequencies of PhSNO at the B3LYP/6-
311++G(d,p) level of theory.  It is likely that the τS-N (a′′) torsional mode 
and/or the S-N (a′′) vibrational mode facilitate coupling of the S2(A′) and 
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S3(A′′) states since both vibrations are correlated to the S-N bond 
dissociation coordinate.  Furthermore, the NO(A′) + PhS(X A′′) dissociation 
limit is downhill in energy, in agreement with the large translational energy 
imparted to the recoiling fragments. 
Table 4.1. Fundamental Vibrational Modes of PhSNO (X A′) and 
Thiophenoxy (X A′′) Calculated at the B3LYP/6-311++G(d,p) Level of Theory 
PhSNO (X A′) Thiophenoxy (X A′′) 
Mode 
Symmetry - 
Cs 
Anharmonic Frequency 
(cm-1) 
Anharmonic Frequency 
(cm-1) 
20a a′ 3196 3194 
20b a′ 3191 3184 
2 a′ 3185 3179 
7b a′ 3175 3168 
13 a′ 3167 3162 
8a a′ 1620 1620 
8b a′ 1611 1602 
19a a′ 1503 1500 
19b a′ 1468 1458 
14 a′ 1345 1351 
3 a′ 1313 1293 
9a a′ 1201 1207 
9b a′ 1184 1183 
7a a′ 1099 1095 
15 a′ 1097 1096 
18a a′ 1043 1045 
1 a′ 1015 1008 
12 a′ 719 705 
6b a′ 629 628 
6a a′ 403 409 
18b a′ 321 248 
N-O str a′′ 1724 disappearing mode 
17a a′′ 1005 995 
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5 a′′ 985 970 
17b a′′ 931 894 
10a a′′ 851 837 
10b a′′ 758 734 
4 a′′ 701 702 
S-N-O bend a′′ 658 disappearing mode 
16b a′′ 471 474 
16a a′′ 411 419 
S-N str a′′ 319 disappearing mode 
11 a′′ 206 179 
S-N-O wag a′′ 205 disappearing mode 
C-S-N bend a′′ 77 disappearing mode 
τS-N a′′ 30 disappearing mode 
 
 Experimentally, we probe specific NO Λ-doublet states, which are 
formed as a result of coupling between the electronic angular momentum 
and overall nuclear rotation of the molecule.36  The Λ-doublet is composed 
of two states defined by the orientation of the unpaired electron’s 
molecular orbital.37  For the Π(Aʺ) state, the orbital of the unpaired electron 
is perpendicular with respect to the plane of molecular rotation.  The 
second state, referred to as Π(Aʹ), represents the unpaired electron in the 
plane of molecular rotation.  By probing the rotational branches of NO, the 
Λ-doublet states may be examined following the 355 nm photolysis of 
PhSNO.  Specifically, the Q-branch transitions have a high selectivity for 
the Π(Aʺ) state, whereas the Π(Aʹ) state may be probed with the R-branch 
(or P-branch) transitions.38  Restricting the symmetry of the probed NO 
rovibrational state, therefore, constrains the vibronic symmetry of the PhS 
radical in its ground and excited electronic states.  To preserve the overall 
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symmetry of the PhSNO electronic states to dissociated products, 
detection of NO Q1(J′′) transitions necessarily restricts the PhS co-product 
to out-of-plane (a′′) vibrations, whereas the in-plane (a′) vibrations of PhS 
are only observed when probing NO R1(J′′) transitions.  These vibrational 
symmetry restrictions apply to PhS in both its ground (X A′′) and first 
excited (A A′) electronic states. 
The TKER distributions shown in Figure 4.2 and 4.3 are converted 
to the internal energy of the PhS cofragments in Figure 4.4 and 4.5 using 
conservation of energy.  Consequently, the peak with the largest 
translational energy corresponds to PhS(X A′′) in its ground state at v′′=0 
(bold blue line).  Kim et al. determined the X-A transition energy of PhS to 
be approximately 2999.2 cm-1,39 which is used to accurately determine 
PhS(A A′) in its excited electronic state at v′=0 (bold red line).  Using the 
calculated vibrational frequencies of PhS in Table 1, the vibrational mode 
assignments in PhS(X A′′) and PhS(A A′) are shown as color-coded tie 
lines in Figure 4.4 and 4.5.  The relative vibronic intensities reveal the 
product branching for forming PhS in specific electronic and vibrational 
states. 
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Figure 4.4: Internal energy (Eint) of the thiophenoxy radical co-fragment 
formed with NO v′′=0 a-c) Q1(J′′) and d-f) R1(J′′) after excitation of 
nitrosothiophenol at 355 nm. The combs show the most probable 
assignments of the populated thiophenoxy vibrational levels, wherein the 
blue and red traces indicate the ground and first excited electronic states. 
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Figure 4.6 illustrates the nuclear motions associated with the 
activated vibrational modes of PhS in the ground (X A′′) and first excited 
(A A′) electronic states.  In particular, for detection of low NO (Q1(J′′)), a 
propensity is observed to populate the PhS(A A′) ν16b, ν10a, ν4, and ν6b 
vibrational states, all of which are aromatic ring-distortion modes.  When 
probing low NO (R1(J′′)) rotational levels, the PhS(A A′) vibrational 
features are consistent with the ring modes ν6a and ν9b.  However, starting 
at J′′=25.5 and J′′=35.5 for NO (v′′=0) and NO (v′′=1), respectively, there is 
Figure 4.5: Internal energy (Eint) of the thiophenoxy radical co-
fragment formed with NO v′′=1 a-c) Q1(J′′) and d-f) R1(J′′) after 
excitation of nitrosothiophenol at 355 nm. The combs show the most 
probable assignments of the populated thiophenoxy vibrational 
levels, wherein the blue and red traces indicate the ground and first 
excited electronic states. 
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an increased propensity for PhS to be formed in the ground (X A′′) 
electronic state.  As Figure 4.4 and 4.5 show, features consistent with the 
ν11, ν4, and ν6b vibrational modes of PhS(X A′′) are assigned when probing 
high NO (Q1(J′′)) levels, whereas the ν18b and ν6b vibrational modes of 
PhS(X A′′) dominate at high NO (R1(J′′)) states.  Here, the ν11 mode 
involves out-of-plane buckling of the sulfur atom and aromatic ring, and 
the ν18b mode is characterized as a C-S wag.  In general, the observed 
symmetry for PhS vibrations is a′′ when detecting NO (Q1(J′′)) levels with 
A′′ symmetry.  Furthermore, for NO (R1(J′′)) states with A′ symmetry, the 
PhS vibrational mode symmetry is a′.  Overall, the assigned PhS 
vibrational modes in its ground and excited states are consistent with the 
total symmetry conservation requirements from the parent PhSNO 
electronic states to the NO + PhS dissociated products. 
The energy disposal to PhS and NO radical products can be 
rationalized in terms of the system passing through S2/S3 and S2/S0 
conical intersections as shown in Figure 4.1.  Indeed, the competitive 
pathways result in dynamical signatures imprinted on a remarkably limited 
subset of product internal energies, which has been observed in previous 
studies of thiophenol.40,41  Activity in the ν18b, ν11, and ν4 modes can be 
interpreted as a consequence of the impulse on PhS exerted by the 
departing NO radical.  As NO is cleaved, the PhS vibrational modes 
include out-of-plane ring-buckling modes and a C-S wag nuclear 
displacement.  Thus, the low-frequency vibrational features in Figure 4.4 
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and 4.5 are rotationally broadened likely due to angular momentum 
imparted to PhS following dissociation of PhSNO.  Therefore, the ν18b, ν11, 
and ν4 vibrational modes likely appear as a direct outcome of PhSNO 
evolving to PhS and NO products via the S2/S3 conical intersection, 
facilitated by the τS-N (a′′) torsional mode and/or the S-N (a′′) vibrational 
mode.  Such excitations are generally referred to as dynamic Franck-
Condon effects. 
Furthermore, the appearance of the PhS(A A′) ν6a, ν9b, and ν6b in-
plane aromatic ring vibrational modes can be explained as “spectator” 
modes that are remnant from the S0-S2 excitation process.  Thus, these 
“spectator” modes are usually referred to as vertical Franck-Condon 
effects.  As PhSNO travels along the S2 electronic state, population may 
instead funnel to the S2/S0 conical intersection, which may be accessed by 
the in-plane (a′) aromatic ring distortion modes from the parent PhSNO 
molecule which are subsequently retained in the PhS product.  Since 
these “spectator” modes are not directly related to the S-N dissociation 
coordinate, they are not as rotationally broadened but are more resolved.  
Lastly, the PhS(A A′) out-of-plane ν16b, ν10a, and ν4 vibrational modes 
identified when probing NO (Q1(J′′)) levels with A′′ symmetry are 
rationalized in terms of dynamic Franck-Condon effects.  These aromatic 
ring modes are populated as a consequence of NO departing PhSNO.  
Therefore, the full-width at half-maximum of the assigned ν16b, ν10a, and ν4 
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peaks in Figure 4.4 and 4.5 are slightly more broad than the in-plane ring 
modes. 
 
Figure 4.6: Illustrations of the nuclear motions associated with active 
vibrational modes identified in the thiophenoxy products arising from 355 
nm photolysis of nitrosothiophenol.  (a-d) show the out-of-plane (a′′) 
vibrations and (e-h) show the in-plane (a′) modes of thiophenoxy, 
tentatively assigned from the internal energy distributions shown in 
Figure 4.4 and 4.5. 
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4.5 Conclusion 
 S-Nitrosothiols (RSNOs) are derived from the combination of sulfur 
and nitric oxide (NO) radicals in the Earth’s atmosphere, and fragment to 
products following photolysis.  Using velocity map imaging (VMI), we 
explore the photodissociation dynamics of jet-cooled S-nitrosothiophenol 
(PhSNO) at 355 nm.  We report the translational and internal energy 
distributions of the NO and thiophenoxy (PhS) co-fragments, which were 
determined by spatial detection of the ionized NO photofragments via a 1 
+ 1 REMPI scheme.  The velocity distributions indicate competing PhSNO 
nonadiabatic dissociation pathways, in which PhS is formed in the ground 
and first excited electronic states for high and low NO (J′′), respectively.  
By detecting NO in the Q1(J′′) or R1(J′′) rotational branches, we therefore 
constrain the Λ-doublet state symmetry to Π(Aʺ) and Π(A′), respectively.  
Experimentally, this leads to exquisite control over the observed vibronic 
symmetry states of PhS.  Indeed, our results directly report on the 
symmetry-restricted internal energies of the NO and PhS cofragments, 
which reflect the dynamical signatures of the PhSNO dissociation process 
along different conical intersections.  Vibrational modes of PhS in the 
ground and excited states are rationalized in terms of dynamic or vertical 
Franck-Condon effects.  Dynamic Franck-Condon effects are operative 
when the impulse of the NO departing PhSNO renders a response in the 
PhS cofragment, observed as activated out-of-plane ring distortion or C-S 
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wagging modes.  Other vibrational modes are explained to arise from S0-
S2 excitation process of PhSNO, which then persist in the PhS product. 
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Chapter 5: Nonreactive Collisional Quenching Dynamics of NO (A2Σ+) 
Radicals with O2 (X3Σg-) 
 
5.1 Introduction 
 Open-shell species including hydroxyl (OH) and nitric oxide (NO) 
radicals are prevalent in petroleum combustion and are also important 
oxidizing agents in the atmosphere. Laser-induced fluorescence (LIF) is 
used extensively to detect each radical intermediate in these 
environments by electronic excitation of their respective A2Σ+ ← X2Π 
transition bands.1-4 However, for quantitative analysis of the fluorescence 
quantum yields, correction for nonradiative electronic quenching of excited 
NO (A2Σ+) to NO (X2Π) from atomic and molecular collisional partners is 
essential. LIF has emerged as one of the leading diagnostic methods in 
combustion research, utilizing NO to report on the velocity, temperature, 
and mixing ratios of petroleum fuel burning to improve advanced engine 
design efficiency.5-8 Collisional quenching is, in fact, the dominant loss 
pathway of excited NO populations, and great efforts have been made to 
account for its effect on LIF signals for accurate determination of NO 
concentrations. 
 Past experimental studies have approached this task by 
determining the state-resolved rates and integral cross sections of NO 
electronic quenching with common combustion and atmospheric species 
over a wide range of temperatures.9-20 The collisional cross sections of 
electronically excited NO (A2Σ+) are significant, on the order of 6 Å2 for 
CO, 30 Å2 for O2, 60 Å2 for C2H2, 70 Å2 for CO2, and 120 Å2 for H2O at 
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300K.9-11,15 Thus, the fluorescence lifetime of NO (A2Σ+) is significantly 
decreased from its natural radiative lifetime of approximately 205 ns, 
dependent on the quenching partner. Furthermore, the cross sections 
were found to increase with decreasing temperature, consistent with a 
long-range attractive potential that leads to the formation of collisional 
complexes.15,21 Specifically for O2, the collisional cross section increases 
to approximately 60 Å2 at 34 K.14 While these studies have proven quite 
informative, the mechanisms underpinning NO (A2Σ+) quenching as a 
function of the collisional partner could not be established. Therefore, 
fundamental questions remain regarding the fate of electronically 
quenched NO (A2Σ+) and the pathways by which nonadiabatic processes 
occur. 
 
Figure 5.1: Reaction coordinate for the collisional quenching of NO 
(A2Σ+) radicals by O2. Both nonreactive quenching to NO (X2Π) + O2 and 
reactive quenching to NO2 + O are shown. A UV pump source prepares 
NO (A2Σ +, v′=0, J′=0.5), and a UV probe source detects vibrationally-hot 
NO (X2Π) or O2 from nonreactive quenching or detects nascent O-atoms 
along the reactive quenching path. The collisional complex, NO3, may 
likely play a role prior to product formation. 
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As Figure 5.1 illustrates, nonreactive or reactive quenching of laser-
prepared NO (A2Σ+) may occur from ambient O2 to return excited 
population back to NO (X2Π) or generate reaction products such as O-
atoms, respectively. Specifically, the NO (A2Σ+)-O2 collisional pair has a 
finite probability to undergo nonadiabatic curve crossing to products by 
passing through a seam of the conical intersection, which couples the 
ground and excited electronic surfaces. For either channel, the NO3 
complex may be generated in the exit channel prior to dissociation. 
Formation of long-lived complexes have been observed for OH (A2Σ+) with 
molecular partners, and they have been found to influence the preferred 
orientations of OH (A2Σ+) with the collision partner that lead to 
quenching.22-26 As shown in Figure 5.1, the degree to which the reactive or 
nonreactive pathways are sampled may be characterized using a state-
selective probe beam to detect O-atoms or internally ‘hot’ NO (X2Π) or O2 
molecules, respectively. Laboratory measurements offer insights into the 
basic forces acting upon nuclei during electronic quenching, thus providing 
stringent tests for theoretical methods and combustion models. 
Lester and coworkers have extensively studied the nonreactive and 
reactive quenching of OH (A2Σ+) by molecular partners using LIF and 
Doppler spectroscopies.22-24,27-30 For the nonreactive channel by H2 
collisions, the populated v′′=0, 1, 2 states of OH (X2Π) are rationalized in 
terms of the torque on the OH product as the OH-H2 system evolves along 
the conical intersection seam. For the chemical reaction of OH (A2Σ+) with 
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H2, a bimodal translational distribution of H-atoms was observed due 
either to direct or delayed passage through the conical intersection. 
Reactive quenching31 by O2 with OH (A2Σ+) revealed that the O-atom 
releasing pathways were the dominant outcome over the nonreactive 
channel,32 which accounted for at least 40% of the quenched products. 
 Recently, the Chandler and Costen groups utilized cross beam 
scattering to collide separate molecular beams of prepared NO (A2Σ+) with 
rare gas atoms (e.g., He, Ar and Ne). The authors’ aim was to understand 
the inelastic (nonreactive) state-to-state rotational energy transfer to NO 
(A2Σ+, J′) from collisions.33-37 Furthermore, they also recorded the 
corresponding differential cross sections, rotational angular momentum 
polarization, and stereodynamics at different collision velocities. The 
authors observed sharp, forward scattered peaks in the differential cross 
sections that are characteristic of attractive interactions along the 
potential, and also reported oscillatory structure in the rotational angular 
momentum alignment as J′ increases. 
 In contrast, measurements at this level of detail for collisions with 
molecular partners are very rare for NO (A2Σ+), in which there is only a 
single study with D2.37 Therein, the authors found similarities to the results 
obtained for the NO (A2Σ+) + He system, concluding that the potential 
energy surfaces are similar but that there is more anisotropy towards D2 in 
comparison to He. Thus, there is a notable deficiency not only in our 
understanding of NO (A2Σ+)-molecule interactions, but also in the 
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outcomes due to NO (A2Σ+) electronic quenching. Since most systems of 
practical interest in combustion and atmospheric chemistry are naturally 
molecule-molecule interactions, there is a strong desire to understand and 
model these more complex systems. What is largely unknown for most 
combustion-relevant molecular partners with NO (A2Σ+) is the fate of the 
electronic energy liberated in the process of de-excitation, in addition to 
the underlying mechanisms as the system evolves along the conical 
intersection. In particular, what are the primary products from multiple 
reactive channels, and how is the available energy partitioned into the 
degrees of freedom (e.g., electronic, vibration, etc.) of products from 
reactive and nonreactive pathways? 
 As shown in Figure 5.2, electronic quenching of NO (A2Σ+) with O2 
(X3Σg-) can occur through energetically accessible reactive pathways, 
 
or through nonreactive channels, yielding NO (X2Π) and O2 in several low-
lying electronic states
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A few studies have observed the release of O-atoms from reactive 
collisions between NO (A2Σ+) and O2.38,39 Furthermore, nonreactive 
quenching facilitated by O2 has been investigated by Few and 
Settersten.12,39 Few and co-workers measured the electronic quenching of 
NO (A2Σ+) with O2 using time-resolved Fourier-transform infrared emission 
spectroscopy to detect vibrationally excited NO (X2Π, v′′=2-22). 
Interestingly, they observed a bimodal vibrational distribution due to two 
quenching channels, in which NO (X2Π) with high v′′ may form with O2 
(X3Σg-) or O2 (a1Δg). The authors speculated that two possibilities may form 
Figure 5.2: Energy level diagram of possible nonreactive and reactive 
product channels upon quenching of NO (A2Σ+) by O2. For the nonreactive 
channel, quenching produces NO in its ground X2Π electronic state and 
O2 in its ground X3Σg- or low-lying electronic states. Reactive quenching 
can lead to NO2 + O and O3 + N products. 
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low NO (X2Π, v′′): (i) co-generation of O2 (c1Σu-) from a sudden or harpoon 
mechanism or (ii) O2 (X3Σg-) is created in an inefficient process. However, 
they could not rule out either possibility. Settersten et al. revealed that 
approximately 28±3% of NO (A2Σ+, v′=0) was channeled to NO (X2Π, v′′=0) 
due to collisional quenching, and Few was in good agreement with a 
measured branching ratio of 25±5% as an upper limit. A more complete 
characterization is necessary to understand the mechanisms and 
dynamical outcomes of collisional quenching of NO (A2Σ+) with O2. 
Here, we report on the nonreactive electronic quenching of NO 
(A2Σ+) with O2 by measuring the NO product state distributions with (v′′=0, 
J′′) and fine structure (Fn, Λ) resolution. For the remainder of the 
manuscript, we use the following notation: vibrational level, v′′; rotational 
level, J′′; spin-orbit state, Fn; and the Λ-doublet state [Π(A′) or Π(A′′)]. 
Furthermore, NO (X2Π, v′′=0, J′′, Fn, Λ) velocity map ion images are also 
recorded that yield the translational energy and O2 co-product internal 
energy distributions from collisional quenching. Developing a molecular-
level understanding of NO electronic quenching in petroleum combustion 
has the potential to impact the optimization of next-generation engine 
technologies, in addition to providing experimental benchmarks for 
comparison to high-level theoretical studies. 
5.2 Experimental Methods 
 Figure 5.3 illustrates our experimental approach, which 
incorporated a velocity map imaging chamber with an experimental 
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resolution of ΔE/E ~ 10% as described previously.40 Reagent gases NO 
(Airgas 99.99%, 10%/Ar) and O2 (Airgas 99.99%, 20%/Ar) flowed through 
separate calibrated mass flow controllers (Omega Engineering 
FMA5506A), and were entrained in isolated gas lines to prevent reaction 
to NO2. We constructed a dual-flow nozzle also shown in Figure 5.3 that 
facilitates the two reagent gases converging only at the exit of the pulse 
valve. Specifically, O2 flowed through the main sample line, whereas NO 
gas was streamed through a parallel sample line and through a ‘v-
channel’. The dual-flow nozzle was adapted from the design by McCarthy 
and co-workers.41 Furthermore, to limit any contribution from NO and O2 
reaction, the gas in the sample lines was evacuated with the gas cylinders 
closed before beginning experiments. 
An expansion of the gas mixture into a high-vacuum chamber 
subsequently resulted in supersonic-jet cooling of both species to the 
zero-point vibrational level and lowest few rotational levels in their 
respective ground electronic states. The quenching experiments were 
conducted in the collisional region of the expansion, approximately x/D = 7 
nozzle diameters downstream. Preparation of NO (A2Σ+, v′=0, J′=0) was 
achieved using a resonant UV pump laser, intersecting the molecular 
beam in the collisional region to initiate quenching with O2. Product state 
distributions and ion images of NO (X2Π, v′′=0, J′′, Fn, Λ) products from 
quenching were collected using 1+1 resonance-enhanced multiphoton 
107 
 
ionization (REMPI) by a second counter-propagating UV laser delayed 50 
ns after the pump laser. 
 
Collisional de-excitation of NO (A2Σ+, v′=0, J′=0) to NO (X2Π, v′′=0, 
J′′) products was observed during experiments as an enhancement in the 
probe product ionization signal. Typical pump and probe laser energies 
were 0.5 mJ/pulse and 0.2 mJ/pulse, respectively. The pump laser was 
operated at 5 Hz, while the probe laser pulsed at 10 Hz for active 
background subtraction to remove any probe-only signal arising from 
background NO (X2Π, v′′=0, J′′) population. The pump wavelength 
resonant on the NO A-X (0,0) Q1(J′=0.5) line was generated with a BBO 
Figure 5.3: (a) Schematic drawing of the velocity map imaging apparatus 
used to study electronic quenching dynamics. (b) 10% NO/Ar and 20% 
O2/Ar flow through separate gas lines to limit reaction to NO2. (c) Close-up 
of the dual-flow pulse nozzle, in which NO flows through a ‘v-channel’ 
where NO encounters O2 only at the pulse valve exit. Both reagent gases 
are injected into a high-vacuum chamber with supersonic jet cooling prior 
to the pump and probe laser pulses. 
108 
 
crystal by frequency-doubling the output of a dye laser (Radiant Dyes, 
NarrowScan K, Coumarin 460) pumped by a Nd:YAG laser (Surelite II-10). 
The NO (A2Σ+, v′=0, J′) ← (X2Π, v′′=0, J′′) probe wavelengths were 
obtained by frequency-tripling the output of a Nd:YAG dye laser (Radiant 
Dyes, NarrowScan, DCM/LDS 698) with a set of BBO crystals. The NO+ 
ions detected with the probe laser were then extracted and velocity 
focused by the ion optics assembly onto a microchannel plate (MCP) 
coupled with a phosphor screen detector, which is also equipped with a 
charge-coupled device (CCD) camera. 
Quantitative population analysis from product state distribution 
measurements was conducted by converting the relative transition 
intensities to relative populations using established procedures.42,43 In 
particular, the monitored signal intensity was integrated and divided by the 
state degeneracy factor (2J′′+1), probe pulse energy, and the line strength 
from LIFBASE44 to obtain the population of the individual states. The 
intensities of the NO (X2Π, v′′=0, J′′) signals were scaled relative to the 
R1(J′′=30.5) level signal, which was scanned before collecting data for 
each probe line. 
5.3 Results 
 Figure 5.4 shows the temporal decay profile obtained while 
scanning the time delay between the pump and probe lasers and 
monitoring the probe ion signal enhancement. The pump laser prepares 
NO with purely electronic excitation in the v′=0, J′=0.5 level of the excited 
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A2Σ+ state using the Q1(J′′=0.5) line, and the decay profile is obtained 
while the probe laser measures signal in the v′′=0, R1(J′′=50.5) level. The 
probe ion signal enhancement disappears when the probe laser precedes 
the pump laser in time. A best fit to the data was obtained using an 
exponential decay function to extract the excited state lifetime, yielding τ = 
132 ± 1 ns under typical electronic quenching conditions. Thus, the 
quenched excited state lifetime is significantly shorter than the natural NO 
radiative lifetime of 205 ± 5 ns.45 The excited state lifetime is inversely 
proportional to the total decay rate (𝑘𝑡𝑜𝑡), which is the sum of the radiative 
(𝑘𝑟𝑎𝑑), predissociation (𝑘𝑃𝐷), and collisional (𝑘𝑐𝑜𝑙𝑙) components 
𝑘𝑡𝑜𝑡 = 𝑘𝑟𝑎𝑑 + 𝑘𝑃𝐷 + 𝑘𝑐𝑜𝑙𝑙 (11) 
The NO (A2Σ+, v′=0, J′) radiative and predissociation rates are fairly 
constant.44,45 Therefore, collision-induced quenching is the dominant 
decay process for the NO (A2Σ+, v′=0, J′=0.5) population under these 
conditions, which is two times faster than radiative decay. 
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Furthermore, Figure 5.4 shows the probe ion signal enhancement 
on v′′=0, R1(J′′=50.5) when the pump laser is present with the probe laser. 
No enhancement is observed when the pump laser is off-resonance or 
when the pump laser is resonant on a higher rotational level (e.g., v′′=0, 
Q1(J′′=30.5)) likely due to the lack of cold NO population in the jet to excite 
to the A2Σ+ state and undergo quenching. The collisional quenching rate of 
NO (A2Σ+) with Ar is negligibly small (1.2 × 10-14 cm3 molecule-1 s-1)46 
compared with O2 (1.5 × 10-10 cm3 molecule-1 s-1).13,14 Experimental 
conditions were optimized to suppress NO (A2Σ+) self-quenching by 
maximizing O2 as the most abundant molecule in the gas pulse. Indeed, 
the observed probe ion signal enhancement from electronic quenching 
vanishes if either the NO or O2 gas lines are switched off. Under the 
experimental conditions employed, there was no evidence in the mass 
Figure 5.4: (a) Temporal decay profile of NO (A2Σ+) while monitoring the 
NO (X2Π, v′′=0, R1(J′′=50.5)) level under typical experimental conditions for 
electronic quenching. The pump laser populates the NO (A2Σ+, v′=0, J′=0.5) 
level and decays to NO (X2Π) states following collisional quenching with O2. 
The best-fit NO (A2Σ+) quenched lifetime is τ=132±1 ns while recording the 
probe ion signal enhancement for the NO (X2Π, v′′=0, R1(J′′=50.5)) level. (b) 
After a time delay of 50 ns, the probe laser detects NO (X2Π, v′′=0, 
R1(J′′=50.5)) products of collisional quenching. The probe ion signal 
enhancement is detected when the pump laser is present with the probe 
laser and disappears when the pump laser is off. 
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spectra for the formation of clusters. 
Additionally, the ion image of NO (v′′=0, R1(J′′=50.5)) shown in 
Figure 5.5 does not show evidence of NO formation due to 226 nm NO2 
photolysis. Ion images for the Q1(J′′=40.5), R2(J′′=30.5), and Q2(J′′=20.5) 
levels are similar to the R1(J′′=50.5) image and therefore are not shown in 
this paper. Previous studies have reported that NO2 dissociation to NO 
products at 226 nm results in an anisotropic distribution, appearing as a 
sharp feature at approximately ~3500 cm-1 in the total kinetic energy 
release (TKER) distribution.47 The NO ion images obtained under 
electronic quenching conditions in the present work instead appear 
isotropic. When employing linearly polarized radiation, the angular 
distribution can be extracted quantitatively from ion images by converting 
the laboratory frame to the molecular frame distribution with I(θ) ~ 1 + β‧
P2(cos θ). In this expression, θ is the angle between the fragment velocity 
vector and light polarization direction, and P2 is a second-order Legendre 
polynomial. From 3D image reconstruction using pBASEX,48 the 
anisotropy parameter β is approximately zero across the main feature of 
the ion image and does not 
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change with kinetic energy.  Thus, we conclude the ion images are 
isotropic, which is consistent with collisional quenching occurring on a 
slower timescale (50 ns) compared to the rotational period of NO (< 1 ps). 
 
Figure 5.5: (Top panel) Total kinetic energy release (TKER) of NO (X2Π, v′′=0, 
R1(J′′=50.5)) and O2 products from collisional quenching (black trace).  The inset 
shows the ion image showing an isotropic distribution, which is consistent with 
electronic quenching of NO (A2Σ+, v′=0, J′=0) occurring on a slower timescale than 
the rotational period of NO. (Bottom panel) The ion image and TKER distribution 
(red trace) from a Prior simulation is shown for comparison and is generated 
assuming O2 (c1Σu-) as the collisional co-product. 
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Furthermore, the ion images were analyzed with pBASEX to obtain 
the NO velocity distributions by implementing an inverse Abel 
transformation along the vertical axis and integrating over the polar 
coordinate. The TKER distribution for NO + co-fragment is obtained using 
conservation of momentum, with the mass of the co-fragment varied to 
explore possible candidates. When assuming O-atom as the co-fragment, 
the broad feature in the TKER distribution does not shift to 3500 cm-1, 
which further supports that NO formation does not originate from NO2 
photolysis under our experimental conditions. Alternatively, when using O2 
as the co-fragment, the broad TKER feature is centered at 650 cm-1. Using 
conservation of energy, the internal energy of the O2 collisional partner is 
therefore significantly high with the available energy possibly partitioned 
between O2 electronic, vibrational and rotational levels. With much of the 
available energy placed into NO vibration39 and O2 rovibronic levels from 
collisional quenching, this is consistent with the modest energy partitioning 
to translation. Further characterization of the state-specific NO and O2 
product state distributions and corresponding ion images will be the 
subject of future work to address relative branching ratios from NO (A2Σ+) 
electronic quenching. 
Statistical Prior distributions were simulated to predict the energy 
partitioning to relative translational energy between the NO (X2Π, v′′=0, J′′) 
+ O2 co-fragments for comparison with the experimental TKER 
distributions. Assuming no dynamical constraints, Prior simulations 
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provide a statistical treatment of energy partitioning by stipulating that all 
product quantum states have equal probability to be populated.49 First, all 
product quantum states that are accessible must be determined up to the 
available energy. Then, based on the experimental resolution of ΔE/E ~ 
10%, the product quantum states are then partitioned into groups. Only 
the accessible O2 rovibronic states are included in the state count since 
NO (X2Π, v′′=0, J′′) is fixed during the experiment (𝐸𝑖𝑛𝑡(NO)). Therefore, 
the energy 𝐸 released to products and translation is decreased by the 
fixed NO internal energy to 𝐸 = 𝐸𝑎𝑣𝑙  – 𝐸𝑖𝑛𝑡(NO). We then define 𝐸 to be 
the energy distributed to the internal energy of O2 and the total kinetic 
energy release, 𝐸 = 𝐸𝑖𝑛𝑡(O2) + 𝐸𝑇𝐾𝐸𝑅. The density of translational states is 
calculated as 𝜌(𝐸𝑇𝐾𝐸𝑅)  =  𝐴𝑇𝑔(𝐸𝑖𝑛𝑡(O2))(𝐸𝑇𝐾𝐸𝑅 – 𝐸𝑖𝑛𝑡(O2))
1 2⁄ , where 
𝐸𝑇𝐾𝐸𝑅 is the translational energy, 𝐸𝑖𝑛𝑡(O2) is the internal energy of O2, 
𝑔(𝐸𝑖𝑛𝑡(O2)) is the degeneracy of O2 at 𝐸𝑖𝑛𝑡(O2), and 𝐴𝑇 is a normalization 
constant. The total density of states 𝜌(𝐸) at the energy 𝐸 is the sum of 
𝜌(𝐸𝑇) over all internal rovibronic states of O2 that are allowed by 
conservation of energy. The Prior translational energy distribution is thus 
calculated as 𝑃(𝐸𝑇)  =  𝜌(𝐸𝑇)/𝜌(𝐸). The Prior distribution is 
straightforward to implement, yet it has several limitations.50 However, this 
method is used to reveal the role of dynamics in the collisional de-
excitation of NO (A2Σ+), typically observed as a deviation of the 
experimental results from a statistical distribution. 
Shown as a red trace in the bottom panel of Figure 5.5, the Prior 
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simulation of the ion image and TKER distribution is compared to the 
experimental measurements. Based on simulations to the experimental 
TKER distributions, better agreement is obtained with O2 (c1Σu-) as the 
collision product rather than O2 in its X3Σg- electronic state. Indeed, a Prior 
simulation with O2 (X3Σg-) collision products results in significantly more 
available energy placed into relative translation. Therefore, attempts to 
model the NO (X2Π, v′′=0, R1(J′′=50.5)) experimental TKER distribution 
assuming O2 (X3Σg-) cofragments were inconsistent with the data. The 
deviation, however, observed in Figure 5.5 between the experimental and 
Prior TKER distributions likely reflects the conical intersection’s role in NO 
(A2Σ+) quenching to NO (X2Π, v′′=0, J′′) and O2 (c1Σu-) products. 
Figure 5.6 shows the NO product state distributions obtained for 
v′′=0 following NO (A2Σ+) collisional quenching with O2. Here, we recorded 
the spin-orbit (F1 and F2) and Λ-doublet (Π(Aʺ) and Π(Aʹ)) levels using the 
Q1(J′′), R1(J′′), Q2(J′′), and R2(J′′) lines. In particular, the Q-branch 
transitions have a high selectivity for the Π(Aʺ) state, whereas the Π(Aʹ) 
state may be probed with the R-branch (or P-branch) transitions.50 Plotting 
the natural logarithm of the population divided by the degeneracy 
ln[P(J′′)/(2J′′+1)] versus the internal energy of NO (v′′=0, J′′) yields the 
Boltzmann-fitted distributions from which the rotational temperatures (Trot) 
represent the degree of rotational excitation. As seen in the figure, the F1 
and F2 spin-orbit levels are equally populated, indicating that in the 
generation of rotational angular momentum, both vector couplings with 
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electron spin are equally probable. 
The Λ-doublet population reflects the alignment of the orbital 
containing the unpaired electron either perpendicular (Π(Aʺ)) or parallel 
(Π(Aʹ)) to the plane of NO nuclear rotation. The Trot of the Q1(Jʹʹ) and 
Q2(Jʹʹ) manifolds are 2100 ± 100K and 2200 ± 200K, respectively, whereas 
the Trot for the R1(Jʹʹ) and R2(Jʹʹ) levels are both 1710 ± 90K. For electronic 
quenching of NO (A2Σ+) with O2, NO (X2Π) is formed preferentially in the 
Π(Aʺ) Λ-doublet with the half-filled pπ* orbital aligned perpendicular to the 
plane of NO nuclear rotation. The time delay between the pump and probe 
lasers was also increased to 100 ns to ensure that the product state 
distributions were obtained under single-collision conditions. By comparing 
the relative populations in selected NO (X2Π, v′′=0, J′′) states, the product 
state distributions did not change within experimental uncertainty, 
indicating that secondary conditions did not redistribute the population. 
Furthermore, relaxation from higher v′′ to v′′=0 is unlikely since vibrational 
energy transfer is extremely slow between v′′=1 to v′′=0 in NO (X2Π),51-53 
resulting in a bottleneck for relaxation from higher vibrational levels. 
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Prior simulations were also carried out to predict the NO (v′′) 
product state distributions in from NO (A2Σ+) quenching. Figure 5.6 
compares the NO (X2Π, v′′=0, J′′, Fn) experimental and statistical Prior 
results. For the Prior simulations, the available energy, 𝐸𝑎𝑣𝑙, was fixed and 
the accessible energy levels of NO and O2 were determined. Next, the 
relative populations, which are proportional to their density of states 
𝜌(𝐸𝑖𝑛𝑡(NO)) and 𝜌(𝐸𝑖𝑛𝑡(O2)), were calculated. Furthermore, each 
energetically accessible pair of NO and O2 levels is weighted by their 
respective rovibronic degeneracies and also weighted by their 
translational density of states, 𝜌(𝐸𝑇). For both spin-orbit levels, the Prior 
simulations predict a Trot = 3000 K when assuming O2 is made in the c1Σu- 
electronic state; the Trot is significantly larger if O2 (X3Σg-) were the co-
Figure 5.6: Product state distributions of NO (X2Π, v′′=0, J′′, Fn, Λ) products 
from collisional quenching of NO (A2Σ+) with O2. The lower F1 (Ω=1/2) and 
upper F2 (Ω=3/2) spin-orbit manifolds are represented as bold black and red 
traces, respectively. The Q-branches are shown as filled markers and the R-
branches have open markers. The best-fit Boltzmann functions are used to 
extract the rotational temperature for the observed distributions. Statistical 
Prior simulations for the F1 and F2 spin-orbit levels are also shown as non-
bold traces for comparison to the experimental results. 
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product. Therefore, there is a clear discrepancy between the experimental 
data and statistical Prior results of NO rotational excitation. 
5.4 Discussion 
 The NO (X2Π, v′′=0, J′′, Fn, Λ) ion images and product state 
distributions provide new insight into the quenching dynamics of NO 
(A2Σ+). The isotropic images of NO products reported in the present work 
are consistent with the formation of a long-lived NO-O2 collisional complex 
prior to dissociated products. As NO (A2Σ+) and O2 collide and 
subsequently form the collision complex, the results indicate that the 
system has time to rotate on a timescale greater than the rotational period 
of NO (<1 ps) before formation of NO (X2Π) and O2 products. From 
previous studies, the lone electron on NO draws O2 in via a ‘harpoon 
mechanism’ to form a NO3 complex as indicated in the rapid rise in the NO 
collisional cross section with O2.14,15,21 The NO3 intermediate has been 
widely studied due to its oxidative importance in the atmosphere,3,54 and 
the nitrate radical isomer has received renewed interest as a textbook 
example of roaming dissociation.55-58 Indicative of energy randomization 
from the NO3 intermediate, we observe large O2 internal energy from the 
TKER distribution in Figure 5.5. 
 Discussion on previous experimental and theoretical studies 
focusing on the photodissociation of NO3 to NO and O2 products is 
instructive.55-60 Davis et al. obtained the total translational energy 
distributions from NO3 photolysis at 588 nm, revealing that the O2 (X3Σg-) 
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product was highly vibrationally excited with quanta up to v′′=5-10.59 
Furthermore, Mikhaylichenko and co-workers measured correlated 
translational energy distributions from NO3 dissociation to NO products 
detected using 1+1 REMPI in a molecular beam.60 Both works were in 
agreement on the NO translational energy distributions, and the authors 
reported a nascent NO rotational temperature of 1400 ± 300 K. More 
recently, Grubb implemented VMI to obtain correlated state distributions 
arising from NO3 photodissociation at 588 nm.55,56,58 Two pathways were 
revealed for the NO (X2Π) + O2 (X3Σg-, v′′) molecular channel facilitated by 
a roaming mechanism. Coupled with high-level theory, roaming-mediated 
dissociation yields low and high O2 (X3Σg-, v′′) products generated in 
tandem with NO (X2Π) in the Π(Aʺ) and Π(Aʹ) Λ-doublet states, 
respectively.55,57 Following passage through a conical intersection, the 
former pathway occurs on an excited potential energy surface, whereas 
the latter forms on the ground electronic state. In-plane dissociation of 
NO3 in the exit channel through both pathways, therefore, results in 
opposite Λ-doublet state propensities. 
 Using vibrationally-resolved FTIR emission spectroscopy, Few et 
al. postulated that O2 could be made in either the X3Σg- or c1Σu- electronic 
states with low NO (X2Π, v′′). Due to the triplet character of O2 (X3Σg-) 
state, there are also low-lying a1Δg and b1Σg+ electronic states of O2 that 
are accessible. The available energy if O2 were formed in the X3Σg- or 
c1Σu- electronic state in coincidence with NO (X2Π) is 44200.2 and 11536.1 
120 
 
cm-1, respectively. Based on the comparisons between the experimental 
TKER distributions and statistical Prior simulation results in the present 
work, evidence supporting that the O2 collisional partner is produced 
exclusively in the c1Σu- electronic state is shown. Indeed, there is much 
better agreement between the TKER distribution results shown in Figure 
5.5 with the corresponding Prior simulations when using the molecular 
constants61 of O2 (c1Σu-) along with 11536.1 cm-1 of available energy. 
Significantly more energy is available to translation if O2 (X3Σg-) were the 
collisional product partner, and thus much less agreement with 
experimental results. Furthermore, there is no evidence of a bimodal or 
trimodal distribution in the ion images that would indicate simultaneous 
formation of several O2 electronic states. 
As observed in Figure 5.6, a nonstatistical partitioning of energy to 
NO rotation is measured when comparing the experimental product state 
distributions to Prior simulations. During the NO (A2Σ+) and O2 collisional 
quenching process, dynamical interaction between the two collision 
products is believed to cause a divergence from a statistical treatment of 
energy disposal. Additionally, the product state distribution results show a 
preference for NO (X2Π, v′′=0, J′′) in the Π(Aʺ) Λ-doublet. As illustrated in 
the figure, the Q-branch levels are more populated determined from a 
larger Trot than the R-branch data. Furthermore, the degree of NO 
rotational excitation from the Q- and R-branch results is consistently 
higher than the rotational distribution measured by Mikhaylichenko, likely 
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due to the greater available energy to the collision complex and products. 
Similar to previous NO3 dissociation studies, the preference for the Π(Aʺ) 
Λ-doublet from collisional quenching of NO (A2Σ+) signifies that the conical 
intersection may efficiently funnel population to NO (X2Π) rotating 
perpendicular to the nuclear plane. We anticipate future theoretical studies 
will shed light on the nature of the conical intersection having considerable 
consequences on the dynamical outcomes from NO (A2Σ+) electronic 
quenching. 
We now to turn to a comparison of the present work with analogous 
nonreactive quenching experiments of OH (A2Σ+) with O2.32 The branching 
fraction to nonreactive quenching was determined to be approximately 
40% with much of the OH (X2Π) population occupying the lowest 
vibrational level, v′′=0. The rotational distribution of OH (X2Π) products 
following OH (A2Σ+) quenching with O2 is highly nonthermal with OH 
products detected in rotational levels as high as N′′ = 23. Similarly, we 
measure NO (X2Π, v′′=0) products occupying rotational states up to J′′ = 
65 and an extracted Trot of approximately 2000 K. Recently, Few and 
coworkers39 quantified NO (X2Π) products from v′′=2 – 22 from NO (A2Σ+) 
nonreactive quenching with O2. The topography and tilt of the conical 
intersection are directly correlated to the branching fraction between the 
nonreactive and reactive pathways. Taken together, the thermal 
distribution of NO (X2Π) indicates that the conical intersection is tilted in 
favor of the nonreactive quenching channel. 
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5.5 Conclusions 
 From NO (A2Σ+) de-excitation with molecular partners prevalent in 
petroleum combustion and in the atmosphere, our goals are to 
characterize the array of reactive and nonreactive quenching products, 
their quantum state distributions and the underlying mechanisms. Some 
collisional species will be predominately reactive or nonreactive, whereas 
others will likely bifurcate to both pathways. Here, we focused on the NO 
(X2Π) product state distributions from the nonreactive quenching of NO 
(A2Σ+) with O2 (X3Σg-). Using state-resolved imaging of the quenched 
products, we provide evidence that O2 (c1Σu-) is generated in coincidence 
with NO (X2Π). Furthermore, the NO (X2Π, v′′=0, J′′, Fn, Λ) product state 
distributions reveal that NO is produced with a propensity to occupy the 
Π(Aʹʹ) Λ-doublet and thus with a preference to rotate perpendicular to the 
π* molecular orbital. Both experimental TKER and product state 
distributions deviate from statistical Prior simulations. The striking 
difference between the experimental and Prior simulations is expected to 
arise from the key role of the conical intersection as the system evolves to 
products. 
 Our experimental studies directly reflect the fundamental forces 
acting on the nuclei in regions near the conical intersection where the 
Born-Oppenheimer approximation breaks down. It is in this vicinity that the 
coupling between electronic and nuclear motion becomes important since 
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the coupling strength dictates the extent to which nonadiabatic processes 
take place. Coupled with high-level theory, future work will focus on 
characterizing the NO (X2Π, v′′>0) and O2 (v′, J′) product state distributions 
and ion images in different electronic states from NO (A2Σ+) nonreactive 
quenching to quantify the branching fractions. 
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